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Preface 


Spinal cord injury (SCT), either traumatic or non-traumatic, is a devastating 
disorder that leads to significant physical, psychological and socioeconomic 
burden on patient and family. Spinal cord injury often occurs in young peo- 
ple, who have the prospect of an almost normal life expectancy, but a consid- 
erably impaired quality of life. These patients not only experience severe 
dysfunctions of voluntary movement of limbs, but also have impaired func- 
tions of pelvic organs, such as the bladder and the bowel, and sexual dysfunc- 
tion. In practice, one of the most distressing aspects of spinal cord injury is 
not being able to regulate bladder function: urine reservoir and voiding. 

Managing urinary functions in spinal cord-injured patients remains a 
challenge for clinical medical workers as well as basic researchers. Generally, 
the options rely on indwelling or intermittent catheterization, drugs, opera- 
tions and other medical devices. Our group has performed experimental study 
and clinical investigations to improve bladder function after spinal cord 
injury for about 20 years, mainly focused on neural approaches. We have 
received six research supports from national Natural Science Foundation of 
China (NSFC). We have published more than 100 papers, in Chinese and/or 
English. Our series study has also won first prize from the Chinese Medical 
Association. 

This book is a culmination of the author’s investigation that attempt to 
learn more about bladder function in spinal cord injury. After a brief review 
of spinal cord injury and related anatomy, the main topic of this book is 
focused on functional bladder reconstruction through neural approaches, 
including somato-CNS-bladder artificial reflex arc establishment through 
neural anastomosis, bladder denervation through selective sacral root rhizot- 
omy and sacral root stimulated micturition through electrical device implan- 
tation. Our intent is to stimulate passion for further research in this field and 
to enable improved care and outcomes for individuals with spinal cord injury. 


Shanghai, People’s Republic of China Chunlin Hou, M.D. 
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An Overview of Traumatic Spinal 


Cord Injury 


Shimin Chang and Chunlin Hou 


Spinal cord injury (SCI), either traumatic or non- 
traumatic in origin, can lead to significant physi- 
cal, psychological and socioeconomic burden on 
patient and family. Since SCI causes extensive 
lifelong consequences, epidemiological data are 
of fundamental importance in tracing its occur- 
rence, deciding upon preventive strategies, and 
planning clinical resources and social services. 
However, there is a lack of accurate data on the 
epidemiology of spinal cord injuries in many 
countries. Although some patients of SCI are 
caused by non-traumatic reasons, such as, tumor, 
tuberculosis, spine degeneration, and so on, trau- 
matic spinal cord injury (TSCI) remains the 
mainstay of epidemiologic survey of SCI. 


1.1 Prevalence of Traumatic SCI 

The range of reported global prevalence is 
between 280 and 4,187 per million [1]. The prev- 
alence of TSCI by country and authors of pub- 
lished data are presented in Table 1.1. 
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1.2 Incidence of Traumatic SCI 

A global-incident rate is estimated at 23 TSCI 
cases per million (179,312 cases per annum) 
in 2007 [1]. Regional data are available from 
North America (40 per million), Western 
Europe (16 per million) and Australia (15 per 
million). Extrapolated regional data are avail- 
able for Asia-Central (25 per million), Asia- 
South (21 per million), Caribbean (19 per 
million), Latin America, Andean (19 per mil- 
lion), Latin America, Central (24 per million), 
Latin America-Southern (25 per million), Sub- 
Saharan Africa-Central (29 per million), 
Sub-Saharan Africa-East (21 per million). 

The most representative incidence statistic for 
each country within WHO global regions is pre- 
sented in Table 1.2, along with available etiology 
data, level of injure and survival rate. 

Directly interpretable incidence data has not 
changed obviously in the high income regions 
such as North America, Western Europe and 
Australia. Because of the economic limitations, it 
is difficult to acquire accurate epidemiological 
data for TSCI in many developing countries. But 
it is common accepted that in the emergent coun- 
tries such in China, the incidence and prevalence 
of TSCI are increased steadily. The reasons 
include: (1) the injury cases due to high fall and 
heavy crush increased parallel to economy devel- 
opment; (2) as the population ages, the number of 
TSCI in elderly patients also increases; (3) as the 
economy develops, more patients with TSCI be 
recorded and registered normally, and they were 
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Table 1.1 Prevalence of TSCI by country and author(s) of published data (From Lee BB, et al. Spinal Cord. 2013 [1], 


with permission) 


Country Author(s) of published data 
Australia O’Connor [2] 

Finland (Helsinki) Dahlberg [3] 

Norway (Hordaland and Hagen [4] 

Sogn og Flordane) 

Tran (Tehran) Rahimi-Movaghar [5] 
Canada Rick Hansen SCI Register [6] 
USA Cahill [7] 


missed in the past. With 60,000 new cases a year, 
China has more patients with spinal-cord injury 
than anywhere else in the world [15]. 


1.3 Injury Site, Age and Cause 


of TSCI 


The most common site of TSCI was the cervical 
area, followed by the thoracic. Cervical, thoracic, 
lumbar and sacral lesions on average accounted 
for 54 %, 24 %, 19 % and 1 % of the cases, 
respectively [16]. 

For age-specific TSCI incidences, most stud- 
ies described a bimodal distribution [16]. The 
first peak was demonstrated in young adults, in 
an age group between 15 and 29 years. The sec- 
ond peak was observed in elderly people aged 65 
years and older. Elderly people are more prone to 
injury because of degenerative spine conditions, 
such as stenosis, spondylolisthesis, and degener- 
ative disc disease. As the population ages, the 
number of TSCI in elderly patients also increases. 

In TSCI, the sex ratio ranged considerably, 
from 2:1 in Turkey to 6.7:1 in Ireland. In contrast, 
a lower sex ratio of 1.3:1 was reported for non- 
traumatic SCI. 

With regard to cause [17], traffic accidents are 
the most common cause of TSCI in North 
America, Europe and sub-Saharan Africa. In 
western Norway, falls were the most common 
cause. In Asia, motor vehicle collisions and falls 
were the main causes. It is not surprising that the 
proportion of new TSCI due to falls has been 
increasing steadily as Asian societies age. The 
relative distribution of causes is influenced by 
lifestyle and economic environment. For exam- 
ple, in some regions of Turkey, the most common 


Observation period Prevalence per million population 


1997 681 
1999 280 
2002 365 
2008 440 
2010 1,184 


May 2008—August 2008 4,187 


cause of TSCI was falling from a great height, 
which could be associated with the fact that most 
falls occurred in the summer when people sleep 
on the top of their houses. In China, there was an 
enormous number of elderly patients with degen- 
erative cervical spine changes who were more 
vulnerable to a slight damage (e.g. a low fall), so 
the number of low falls-induced TSCI would 
increase gradually; in Bangladesh, falls while 
carrying heavy loads on neck or back is a com- 
mon cause. In Afghanistan, Jordan, and southeast 
Turkey, the frequency of firearm wounds, a spe- 
cific problem to these countries, was higher than 
in other regions. In Jordan, the majority of fire- 
arm accidents happened during wedding celebra- 
tions, a common cultural habit in rural areas. In 
other regions, where the political situation was 
stable and firearms were strictly controlled, such 
injuries were rare. 


1.4 Life Expectancy After 


Traumatic SCI 


A cohort study in Sydney [18] from 1995 to 2006 
showed that, from 2,014 persons, 88 persons with 
tetraplegia (8.2 %) and 38 persons with paraple- 
gia (4.1 %) died within 12 months of injury, most 
often with complete C1-4 tetraplegia. Among 
first-year survivors, overall 40-year survival rates 
were 47 % and 62 % for persons with tetraplegia 
and paraplegia, respectively. The most significant 
increases in mortality were seen in those with tet- 
raplegia and American Spinal Injury Association 
Impairment Scale (AIS) grades A-C lesions, with 
Standardized mortality ratios between 5.4 and 
9.0 for people <50 years, reducing with advanc- 
ing attained age. Estimated life expectancies 
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from 25 to 65 years ranged between 69—64 %, 
74-65 %, 88-91 % and 97-96 % for C1-4 AIS 
A-C, C5-8 A-C, T1-S5 A-C and all AIS D 
lesions, respectively. 


1.5 Prevention of SCI 


1.5.1 Primary Prevention 

This is mandatory in many developed countries 
that participants should receive professional edu- 
cation before they take part in some activities such 
as bicycle riding, diving, high-altitude operations. 
Other countries may lack training, tools or finan- 
cial resources to undertake this task. The govern- 
ments and non-governmental organizations of 
developing countries should increase financial 
resources to prevent TSCI. The experience of 
developed countries demonstrate that it is impor- 
tant to popularize the knowledge of people cope 
with nature disaster, such as earthquake and mud- 
rock flow, and this can decrease the cases of TSCI. 


1.5.2 Secondary Prevention 


Refer patients with TSCI to a specialized centre, 
equip the specialized centers with essential 
resources to accept referrals, training physicians 
with internationally accepted data standards and 
management program, are important secondary 
prevention methods of TSCI. 


1.5.3 Tertiary Prevention 


The tertiary prevention of TSCI include, compli- 
cations prevention, rehabilitation program, and 
necessary functional reconstruction surgery. The 
most urgent demand of most paraplegia patients 
is urination. Bladder function reconstruction is 
vitally important to enhance the quality of life in 
patients with SCI. 
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Clinical Anatomy of Cauda Equina 
and Lumbosacral Nerve Root 


Ruisheng Xu and Chunlin Hou 


2.1 Introduction 

Treatment of patients with neurogenic bladder 
dysfunction after spinal cord injure (SCI) is a 
challenge to the doctors all over the world till 
now. Although there are a lot of experimental new 
ways for recovery of neurogenic bladder dysfunc- 
tion, it's still far from clinical application [1]. 
Shanghai Changzheng hospital developed a new 
method for SCI patients” bladder functional rees- 
tablishment with Achilles tendon reflex, which 
makes a certain use of somatic reflex under SCI 
level to control voiding [2]. The ‘“tendon- 
CNS(central nerve system)-bladder” route is con- 
nected by ventral spinal roots cross anastomosis, 
then somatic motor impulses is passed to bladder 
smooth muscle through this reflex, so as to initiate 
voiding by stimulate Achilles tendon reflex [2]. 
As experimental study achieved satisfactory out- 
comes from dog SCI models [3, 4], anatomical 
study should be done before the step of more clin- 
ical applications. So the authors observed the 
component of cauda equina and lumbosacral 
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nerve root to provide anatomical bases for the 
choice of proper spinal roots, the idea level for 
cross anastomosis and the identification of ventral 
spinal roots during the operation of bladder func- 
tional reconstruction with Achilles tendon reflex, 
knee reflex or lower abdominal reflex. 


2.2 Materials and Methods 
All the date were observed and measured from 20 
adult formalin-fixed specimens (male: 14, 
female: 6, 40 sides; donated voluntarily). 
Observation was focused on the anatomy of 
nerves which related to knee jerk reflex, Achilles 
tendon reflex and reflex of lower abdominal wall. 
Firstly, posterior aspect of T;;—S, spinal roots 
and sacral plexus was exposed clearly, then the 
spinal roots which origin lumbar plexus, sacral 
plexus was observed (Fig. 2.1). The diameters of 
T5, Los and S, spinal roots were measured in 
the position where it passes through intervertebral 
foramen rightly and the diameters of the branches 
that composes sciatic or sacral plexus nerve was 
measured and recorded, then back wall of canalis 
veterbrale and sacralis, spinal dura were opened, 
and medullary conus, lumbar and sacral spinal 
roots were showed. Then a photo was taken when 
the end point of medullary conus was marked 
(Fig. 2.2), relative position between each ventral 
and dorsal roots was recorded, distance between 
TT to Sa ~S, ventral roots, as well as the over- 
lapping length between L,~S, to S,~S, ventral 
roots, diameters and horizontal area of each root 
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BL2 
CL3 
1 L4 


42% 


Fig.2.1 L2, L3 and LA spinal roots” contribution to fem- 
oral nerves 


Fig. 2.2 Component of femoral nerves—L2, L3 and L4 
spinal roots 


was measured and calculated with a sliding gauge 
(degree of accuracy: 0.02 mm) and a stainless 
steel rule (accurate degree: 1 mm). 


2.2.1 Anatomical Study of Knee 
Jerk Reflex Related Nerve: 


Femoral Nerve 


Firstly, femoral nerve was tracked to its’ central 
terminal, and the contribution of L», L} and L, 
spinal nerve roots to the femoral nerve was 
observed. The diameter of each root at the point 
of intervertebral foramen was measured, and the 
diameter of each branch contributing to femoral 
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nerve was recorded as well. Then, a picture was 
taken after the exposure of conus medullaris and 
cauda equina, as the end of spinal cord cone was 
marked with a needle, the anterior-posterior and 
sequence relationships of L,4 and S., anterior 
and posterior roots were recorded. 


2.2.2 Anatomical Study of Achilles 
Tendon Reflex Related Nerve: 
Sciatic Nerve 


Sciatic nerve is the main nerve extended from 
sacral plexus. So firstly, Ly, L; and S1 spinal 
roots’ contribution to sacral plexus was observed 
and the diameter of each root at the point of inter- 
vertebral foramen was measured, and the diame- 
ter of each branch contributing to sacral plexus 
was recorded as well. Then, a picture was taken 
after the exposure of conus medullaris and cauda 
equina, as the end of spinal cord cone was marked 
with a needle, the anterior-posterior position and 
sequence relationships of L, ~ S, and S,_, anterior 
and posterior roots were recorded. 


2.2.3 Anatomical Study of T,,_,2 Rib 
Nerves and Spinal Roots 
Related to Lower Abdominal 
Wall Reflex 


As spinal dura was opened and medullary conus 
and T;;, T and S,_, spinal roots were exposured, 
anatomical study about the anterior-posterior 
position and sequence relationships of Ti, Tp 
and S,_, spianl roots were performed. 

Stastistical analysis: SPSS 10.0 was used for 
analysis of ventral spinal roots’ horizontal area. 


2.3 Results 


2.3.1 Anatomical Study of L, , Spinal 
Roots and Femoral Nerve 
(Related to Knee Jerk Reflex) 


L,, L; and L, spinal roots are the major part con- 
tributing to femoral nerve, and there is a hairlik- 
ing branch of L1 spinal root to join lumbar plexus 
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and femoral nerve which is too small to be mea- 
sured. L, and L, spinal roots’ contributions (42 % 
and 39 %) to femoral nerves are great than L, spi- 
nal roots’ (19 %), and there is no statistical differ- 
ence between L; and L, spinal roots’ (Fig. 2.1). 

As femoral is not the only nerve originated 
from L,, L; and L; spinal roots, which also form 
obturator nerve and L, spinal root will send a 
branch to join the sacral plexus. Figure 2.2 show 
how much part of L,, L; and L, spinal root con- 
tributes to femoral nerve: the proportion of L, 
spinal root (86 %) and that of L; spinal root 
(82 %) is more than that od L, spinal root (64), 
p<0.05, and there is no statistical difference 
between that of L; and L, spinal roots. 

Intradural relative position between L2-4 and 
S2-4spinal roots: It is observed in 39 sides in 20 
specimens that the level of S;, anterior spinal roots 
emenate from spinal cord is higher than the level of 
L,.,4 anterior spinal roots cross meninx, that means 
and the horizontal area of L, or L; anterior spinal 
roots is more than that of S,_, anterior spinal roots. 
Those two levels locate at the same plane is 
observed in 1 side of 40 sides in 20 specimens. 


2.3.2 Anatomical Study of L,-S, 
Spinal Roots, Sacral Plexus 
and Sciatic Nerve (Related to 
Achilles Tendon Reflex) 


Sacral plexus are mainly extended from Ly, Ls, 
S, and S, spinal roots where La, Ls and Sj spinal 


L2 


14% 


86% 


Fig.2.3 L2, L3 and 
L4 spinal roots’ 
distribution 


roots’ contribution is greater than S, spinal 
root’s. Among Ly, Ls and S, spinal roots, L4 spi- 
nal root’s contribution (15 %) is less than 
L;(46 %) and S,(39 %) spinal roots’ (p < 0.01), 
and there is no statistical difference between L; 
and S, spinal roots’ contribution (p>0.05, 
Figs. 2.3 and 2.4). 

Overlapping length between L,~S, and S24 
ventral roots: S:, the level of ventral roots 
emenate from spinal cord located at L, vertebral 
body level in 28 sides of 20 specimens and it 
located at L, vertebral level in other 12 sides of 
20 specimens. The level of S;, ventral spinal 
roots emanate from spinal cord is higher than the 
level of L4 ~ S, spinal roots cross dura, that means, 
the end part of L4 ~ S, ventral spinal roots and the 
beginning part of S,4 is overlapping. The 
overlapping length between L,~S, and S24 ven- 
tral roots is showed in Table 2.1. 


2.3.3 Anatomical Study of T,,_,2 Rib 
Nerves and Spinal Roots 
Related to Lower Abdominal 
Wall Reflex 


Tı and T, spinal roots directly extend into T,, and 
T,2 rib nerves which relate to lower abdominal wall 
reflex. There is no statistical difference between the 
horizontal areas of 1,,(0.70+0.14 mm”), 
T,.(0.61+0.18 mm?) and S:(0.61+0.07 mm”), 
S4(0.45+0.09 mm?) anterior roots(p>0.05), but 
the horizontal areas of T,,, T» anterior roots is 


L3 
18% 


82% 


64% 


15% 
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Fig. 2.4 L4, L5 and S1 spinal roots” contribution to 
sacral plexus 


Table 2.1 Overlapping length between L,—S, and S:4 
ventral roots x +s (Min - max) cm 


E; L; Si 
S2 108225 13.0+2.3 15.0+3.1 
(7.1-13.4) (10.0 ~ 16.7) (12.0~8.9) 
S3 ITEL 12232227 14.4+8.2 
(6.6 ~ 12.3) (9.5 ~ 15.6) (11.5 ~ 17.8) 
S4 8.3+2.4 10.9+2.3 13.0+2.2 
(4.6-11.1) (7.5 ~ 13.6) (9.5 ~ 15.8) 


Table 2.2 Horizontal area of L,~S, ventral spinal roots 


Ventral roots’ serial x +s(min~max)mm? 


E 2.19+0.39(2.00 ~3.75) 
Ls 2.58+0.88(1.77 ~3.43) 
Si 2.19+0.42(1.46—2.75) 
S2 1.12 +0.24(0.84~ 1.53) 
S; 0.61 +0.07(0.47 ~ 0.68) 
S4 0.45 +0.09(0.36 ~ 0.59) 


Table 2.3 The distance between T,,, T,, and S,.4 (mm) 


S2 S; Si 
Ty x ts 54425 60+23 74+24 
(Min-max) (31-90) (42-97) (53-111) 
Iie | Fs 22+20 28 +23 42+28 
(Min ~ max) (3-56) (7-63) (21-77) 
significantly less than that of S, anterior 


roots(1.12+0.24 mm?), p<0.05 (Table 2.2). 

TT, anterior spinal roots cross dura at a 
higher plane compared with that S,_4 anterior spi- 
nal roots emenate from spinal cord, so there is a 
space between the end points of Ti, > anterior 
roots and beginnings of S» 4, the detail is show in 
Table 2.3. 

Intradural relative position between spinal 
roots: All specimens’ medullary conus are ended 
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at the plane of L, ~L, vertebral body level where 
S~; ventral and dorsal roots just send out from 
spinal cord and can be distinguished from each 
other according to the denticulate ligament and 
vessel between them, but it’s still difficult to judge 
the series of S;, S and S, just based on its level 
coming from spinal cord. The size of Ly, L; and S, 
spinal roots are big enough to distinguish ventral 
and dorsal roots, also when one spinal root was 
confirmed others can be distinguished succes- 
sively because their thickness make it easy. 
Horizontal area of Ly Ls, Sı and S3_4 ventral 


roots 
Every ventral root is composed of 1-3 bundles. 
Among L,(2.19+0.39), L:(2.58+0.58) and 


S,(2.19+0.42)mm, L; is the Largest one and Ly, Ls, 
S, ventral roots are significantly larger than 
S:(1.12+0.24),$;(0.61 +0.07)or S4(0.45 +0.09) mm? 
ventral roots, p < 0.01 (Fig. 2.2). 


2.4 Discussion 


2.4.1 Select the Suitable Spinal 
Root as Dynamic Nerve 


Due to the embryonic sarcomere split, migration 
and re-combination, a certain nerve can contain 
kinds of nerve fibers from different spinal roots and 
nerve fibers from a single root can be distributed to 
many peripheral nerves [5]. Femoral nerve, as the 
knee reflex related nerve, is extended from lumbar 
plexus orginated from L,, L; and L4 spinal roots, 
while nerve fibers from L,, L and L, spinal roots 
will extend as femoral nerve, obturator nerve and 
parts of sacral plexus [6]. Sacral plexus and sciatic 
nerve, as the Achilles tendon reflex nerve, are orgin- 
ated from L,, Ls and S, nerve, while nerve fibers 
from L,, L; and S, spinal roots will extend as sciatic 
nerve, superior gluteal nerve, inferior gluteal nerve 
etc. [7]. Only Tj, and Tj, intercostal nerves are 
directly related to lower abdominal muscle and a 
stable skin area [8]. Therefore, it’s important to 
select the appropriate spinal nerve root as “dynamic 
nerve” for the anterior root cross anastomosis and to 
establish *tendon-spinal cord-bladder” nerve reflex, 
which is the nerve linking basis for spreading more 
action potential to the bladder [9] (Fig. 2.5). 
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Fig. 2.5 Composition of sacral plexus composed of L4, 
LS and S1 spinal roots mostly 


The afferent and efferent nerve fibers of knee 
tendon reflex are located in femoral nerve, which 
is originated and extended from L,, L; and L, spi- 
nal roots, and L, and L, spinal roots contribute 
more to it than L, spinal root does [6]. On the one 
hand, from point of this view, L; and L, spinal 
roots should be selected as dynamic nerve to 
ensure more action potential of knee reflex can be 
translate through the certain spinal root. On the 
other hand, as to a single spinal root, how much 
part of nerve fibers will contribute to femoral 
nerves is also important. This anatomical study 
shows that L, and L, spinal roots’ are more than 
that of L, spinal root, so from point of this view, 
L3 spinal root is better than L, spinal root. L; is 
the best as dynamic nerve and L;-S; or S, ante- 
rior spinal roots cross anastomosis should be 
taken during the operation of bladder functional 
reestablishment by the use of knee jerk reflex. 

Sciatic nerve is the largest one orgined from 
Sacral plexus which is composed of Ly, Ls, Si 
and S, spinal roots. As sciatic nerve extends as 
tibial nerve and common peroneal nerve, the 


L4 root 


root 


2 “cit nerve 


Fig.2.6 Origin of sciatic nerve-a posterior view 


former contains afferent and efferent nerve 
fibers of Achilles tendon reflex [2, 7]. Because 
Ly, Ls, Sı, S2 and S; spinal roots will firstly mix 
and knit as sacral plexus before extending as 
sciatic nerve and tibial nerve, it’s difficult to cal- 
culate every spinal root’s contribution to tibial 
nerve just through anatomy study. The proper 
method is to stimulate each spinal root and 
observe constriction of gastrocnemius muscle 
and movement of ankle joint, and select the one 
which triggers off the most forcefully constric- 
tion of gastrocnemius muscle. At the same time, 
this study show that each spinal root of Ly, Ls 
and S, is composed of 2~3 branches, so the 
same method can be used to select the proper 
branch as dynamical nerve to make anastomosis 
with S; or S, ventral root so as to establish 
“Achilles tendon-spinal cord-bladder” reflex 
and achieve the best effect (Fig. 2.6). 

Far extremity of this cross anastomosis should 
select the root which has predominant nerve 
fibers to bladder, so that when “tendon-spinal 
cord-bladder” were established, bladder can gain 
more nerve control. According to our prior study, 
S3 or S4 ventral root should be selected as far 
extremity of the cross anastomosis [10, 11]. 
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2.4.2 Select Ideal Place for 
Anastomosis Operation 


As S2-4 roots exit from spinal cord at the level 
of Li.» vertebra body level, cross anastomosis of 
a dynamic spinal root to S; or S4 can be finished 
at the segment of this level to L; or S, exit from 
dura. When cross anastomosis level near to 
L;~S, vertebral body horizontal plane, it’s easy 
to distinguish L; or L; ventral root according to 
it’s position at L; or L; intervertebral foramen, so 
that, as operation is done at this region, to distin- 
guish L; or L; as dynamical nerve is possible and 
easy. But S25 ventral roots always enwrapped in 
one bundle at this region, although it’s reported 
that to distinguish ventral, dorsal roots and their 
sequence can be done according to their rela- 
tively position [5, 12, 13], in fact, S5.; roots are 
thin and ventral roots are in deep position, all 
those make it difficult to distinguish ventral and 
dorsal roots or identify their sequence. Even elec- 
tric stimulation method can work because ventral 
roots can arise constriction of bladder whereas 
dorsal root doesn’t. As a result, it’s not an ideal 
operation position. 

If operation is done at the region of terminal 
cone level, on the one hand, ventral roots and 
dorsal roots just exit from spinal cord and apart 
from each other by denticulate ligament and ves- 
sel on the surface of spinal cord, so to distinguish 
ventral roots and dorsal roots is possible and 
easy. At the same time, when L, root was affirmed 
according to it get across Lj-L, intervertebral 
foramen, L, ventral root can be find just move L, 
dorsal root away and L,, L}, Ly, Ls, Sı ventral 
roots can be distinguished successively because 
they are large and arrange from lateral to medial 
way. Dynamical nerve can be correctly selected 
at this level. On the other hand, thin as S2 ~4 spi- 
nal roots are, but they can be identified from each 
other at the surface of spinal cord, combined with 
electric stimulation and bladder pressure mea- 
sure, the proper far extremity of cross anastomo- 
sis can be correctly determined. 

Therefore, the ideal place for cross anastomo- 
sis Operation is at terminal cone level, which can 
be confirmed by CT scan before operation. 
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2.4.3 Indication of the Operation 

for Bladder Functional 
Reconstruction with Lower 
Abdominal Reflex, Knee Tendon 


Reflex or Achilles Tendon Reflex 


As CNS of lower abdominal reflex locates in T4; 
and T,, spinal cord, knee tendon reflex in L;, and 
achilles tendon reflexes in the L; and S, cord 
level. Which one should be selected to establish 
an artificial reflex to recover bladder function? It 
depends on which reflex was interrupted after 
spinal cord injury. For example, When spinal 
cord injure level is lower, especially when CNS 
of jerk reflexes and lower abdominal reflexes is 
injured, achilles tendon reflex can be select to 
establish “achilles tendon-CNS-bladder” for 
bladder functional regain. 


Conclusion 

1. During the operation of bladder functional 
reestablishment by the use of lower abdom- 
inal reflexes as the T,,/T,.—S;/S, anterior 
spinal roots cross anastomosis are taken, 
the horizontal area of Tj;, T;> anterior spi- 
nal roots are suitable for cross anastomosis. 
The nerve grafting most be taken as the 
cross anastomosis of T,;, T;» and S».4 ante- 
rior spinal roots because of the distance 
between them (Fig. 2.7). 

2. L;-S; or L3-S, anterior spinal roots cross 
anastomosis should be taken during the 
operation of bladder functional reconstruc- 
tion by the use of knee jerk reflex. 

3. L;/S,-S3 or L;/S,-S, anterior spinal roots 
cross anastomosis should be taken during 
the operation of bladder functional recon- 
struction by the use of Achilles tendon 
reflex. 

4. When artifical reflex were performed for 
bladder functional reestablishment, cross- 
anastomosis of spinal anterior roots should 
be done at the level of terminal cone, so as 
to easily distinguish the anterior spinal 
roots from posterior roots and identify 
their sequence for those three kinds 
operations. 
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Fig.2.7 T11, T12 anterior roots diameter is the same as S3, S4 anterior roots and less than S2 anterior roots 
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Classification of and Treatment 
Principles for Bladder Dysfunction 
Caused by Spinal Cord Injury 


Mingxuan Liu and Chunlin Hou 


3.1 Introduction 

Bladder dysfunction caused by spinal cord 
injury is one of the most difficult clinical prob- 
lems not yet solved. It often causes severe uri- 
nary incontinence, urinary retention and urinary 
tract infection, or even renal failure leading to 
death [1, 2]. Exploration of ways to solve this 
problem is very important to the improvement 
of paraplegic patients” quality of life and reduc- 
tion of their mortality rate. Urodynamic exami- 
nation has an exact value in the diagnosis, 
classification, treatment and prognosis of lower 
urinary tract dysfunction of patients with spinal 
cord injury. It can classify bladders, thereby 
providing timely objective indicators on which 
to base the diagnosis and treatment of patients 
with lower urinary tract dysfunction. We per- 
formed a systematic examination of lower uri- 
nary tract function of 136 patients with spinal 
cord injury, established a relatively detailed and 
systematic classification and set treatment prin- 
ciples correspondingly. 
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3.2 Materials and Methods 


3.2.1 Clinical Data 

Among the 36 patients, 28 were male and 8 

female, ranging in age from 17 to 55 years. The 

course of the disease ranged from 2 months to 22 

years. Spinal cord injuries were all caused by 

trauma: 6 cases were incomplete damage and 30 

were complete damage; 21 cases were suprasa- 

cral cord injury and 15 were sacral cord injury. 

All sacral cord injuries were confirmed by CT 

scan, magnetic resonance examination or surgi- 

cal observation. According to the degree and site 
of their injury, the 36 patients were divided into 

four groups: A, B, C and D. 

Group A: 6 cases, all incomplete spinal cord 
injury, 3 suprasacral cord injury cases and 3 
sacral cord injury cases. Reflex bladder was 
established in all the patients. Their urination 
function was close to normal. The patients had 
partial feeling during urination, the starting 
phase of urination could be consciously con- 
trolled and there was very little or no residual 
urine. There was a history of urinary tract 
infections in | patient. None of the cases had 
renal impairment. 

Group B: 5 cases, all complete thoracic spinal cord 
injury. Patients established automatic reflex 
bladder (i.e., stimulating a specific site could 
cause urination). Their urination function was 
close to normal. Patients had no feeling during 
urination, the starting phase of urination could 
not be consciously controlled and there was 
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very little residual urine. There was a history of 
urinary tract infections in 1 patient. None of the 
cases had renal impairment. 

Group C: 13 cases, all complete cervical and upper 
thoracic spinal cord injury. Patients had differ- 
ent degrees of bladder spasm, and those with a 
serious degree of spasm urinated frequently. 
There was bladder contracture in 3 patients 
with a longer course of the disease. Some of the 
patients had urinary retention. Autonomic dys- 
reflexia was found to different degrees in 13 
patients, renal impairment in 5 patients and a 
history of urinary tract infection in 6 patients 

Group D: 12 cases, all complete sacral spinal 
injury. The patients” clinical manifestations 
were all atonic bladders. Some patients had uri- 
nary incontinence. Patients could not urinate by 
themselves and needed to rely on abdominal 
oppression or a catheter to complete voiding. 
There were large amounts of residual urine. 
There was renal impairment in 1 patient and a 
history of urinary tract infection in 12 patients. 


3.2.2 Test Method 


Using a four-lead urodynamic pressure capsule, 
examine indicators including change in bladder 
volume pressure, detrusor function, myoelectric 
activity of the urethral sphincter and urethral 
pressure. Perform residual bacteria cultivation, 
renal function test and bladder intravenous 
pyelography (IVP) in every case. 


3.3 Results 


Each group was tested respectively and the test 
results were (Table 3.1): 
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1. Bladder volume pressure curve: the results 
of Groups A and B are close to normal and 
there were very few reflected waves. The 
slope of Group C increased, and the curve 
shifted left. There were many reflected 
waves. Group D had very flat curve that 
shifted right, and there was no reflected 
wave. 

2. Detrusor reflection: Groups A and B had 
hyperreflexia, Group C had obvious hyperre- 
flexia and Group D had no hyperreflexia. 

3. Bladder compliance: Groups A and B were 
close to normal. Group C had low compli- 
ance, while Group D had high compliance. 

4. Electromyography of the detrusor and sphinc- 
ter: The detrusor and sphincter harmonized 
with each other in Groups A and B while they 
were inharmonious in Group C. The detrusor 
and sphincter were unrelated with each other 
in Group D. 

The test results showed that urodynamic per- 
formance varies according to the different site 
and degree of spinal cord injury. Different urody- 
namic performance leads to different bladder 
function and complications. In this regard, the 
urodynamic classification of the bladder is very 
important to the prevention and treatment of 
complications, as well as the improvement and 
recovery of bladder function. 


3.4 Discussion 


Clinical manifestation of the bladder after spinal 
cord injury is complicated, and there are many 
ways of classification. Turner-Warwick is a fre- 
quently used method that classifies patients’ 
bladder into detrusor hyperreflexia and detrusor 
areflexia. 


Table 3.1 Urodynamic and other examination results of the 36 patients 


Bladder Bladder Urethral 


capacity pressure pressure Residual Urine Urine Urinary tract Renal 
N (ml) (KPa) (KPa) volume (ml) culture (+) return infection damage 
A 6 300+100 7+2 6+1 40+10 0 0 1 (16 %) 0 
8 | 5) 300+100 72 6+1.5 50+10 5 0 1 (20 %) 0 
e 18 11505 100 (93 Seles 100+30 25 4 7 (55 %) 5 (38 %) 
D 12 500+200 TME] 4+1.5 200+ 100 31 0 10 (83 %) 1 (8.3 %) 
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After systematic urodynamic examination, we 
found that bladder function is determined by 
three factors: (1) detrusor reflex contraction func- 
tion; (2) urethral sphincter contraction function; 
(3) cooperation between the detrusor and sphinc- 
ter. Factor 3 is especially vital to the maintenance 
of normal urination. Therefore, the author divided 
bladders after spinal cord injury into the follow- 
ing three classes based on Turner-Warwick: 

1. Bladder with detrusor hyperreflexia and 
coordinating sphincter; 

2. Bladder with detrusor hyperreflexia and 
disordered sphincter; 

3. Bladder with detrusor areflexia. 

In the first class, there is no sphincter activity 
during detrusor reflex contraction. There is no 
resistance in the urethra, and the bladder is able 
void smoothly. Cases in Group A and B all belong 
to this classification. The urodynamic perfor- 
mance of patients in these two groups is quite 
similar. Patients have all established reflex blad- 
der. Their bladder volume pressure curve, blad- 
der capacity and urethral pressure are close to 
normal. Therefore, patients in this class have 
close-to-normal urination function and very little 
residual urine. In this regard, the urinary infec- 
tion rate is very low. Renal impairment is also 
rare. 

According to the test results of these two 
groups together with clinical manifestation, we 
found that: (1) incomplete spinal cord injury 
leads to different degrees of detrusor hyperre- 
flexia; probably the spinal cord is not completely 
damaged and can still maintain a neural arc. (2) If 
the case is suprasacral cord injury, the lower the 
injury site, the greater probability that reflex 
bladder can be established and the better the uri- 
nation function. The 5 patients in Group B all 
suffered from thoracic spinal cord injury. (3) If 
the bladder of the first class is identified in the 
early stage of spinal shock recovery, there is great 
potential for patients’ spinal function to be 
improved. Before the limb function of the 6 
patients in Group A (incomplete spinal cord 
injury) recovered, urodynamic examination of all 
of them indicated myoelectric coordination of the 
detrusor and sphincter. The author thinks that this 
kind of bladder should be trained as early as 


possible so as to restore its urination function as 

soon as possible. 

Treatment principles for such patients: 

1. Further enhance the training of autonomic 
bladder to restore physiological micturition 
function. 

2. Prevent urinary system infection and renal 
function damage. 

The second class of bladder is characterized 
by a sudden increase in sphincter myoelectric 
activity when there is detrusor reflex contraction. 
At this time, urethral resistance increases signifi- 
cantly and the urine in the bladder cannot be 
voided smoothly. The bladders of the 13 patients 
in Group C (cervical and upper thoracic spinal 
cord injury) belonged to this class. The volume 
pressure curve visibly shifted left, and there were 
several reflected waves. Both bladder and urethra 
pressure rose. The most common clinical feature 
is bladder spasm and frequent urination. Some 
patients may suffer urinary retention because of 
the increase of resistance in the urethral meatus. 
High bladder pressure may also cause autonomic 
dysreflexia and even convulsions and cerebral 
hemorrhage. Patients with a long course of the 
disease may suffer from bladder contracture. The 
urinary system infection rate of this group is 
55 %, and the rate of renal damage is 38 %, which 
is far higher than in other groups. 

Correlated dates indicate that renal function 
impairment, renal failure and renal amyloidosis 
are the major cause of death of paraplegic patients 
at later period [3]. The reason for renal function 
impairment is much disputed. Based on the 
examination results, the author thinks the pri- 
mary cause is the high bladder pressure resulting 
from a synergistic function disorder of the detru- 
sor and sphincter, which leads to urine reflux and 
then high kidney pressure. Frequent and long- 
term high pressure in the kidney leads to renal 
impairment. Failure in timely treatment of resid- 
ual urine also leads to urine reflux, which is the 
secondary cause of renal impairment. Urinary 
infection, together with the above two factors, 
will aggravate renal impairment. Angiography 
results of this group showed that 4 patients with 
urine reflux all suffer from renal function impair- 
ment, which indicates that urine reflux is closely 
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related to renal impairment. Patients with such 

bladder usually suffer the worst complications, 

and the death rate is also very high. 

Treatment principles for such patients: 

1. Adopt a positive treatment method. Reduce 
urethral resistance through medicine or 
surgery. 

2. Relieve detrusor spasm through surgery (i.e., 
selective sacral rhizotomy) or medicine to 
restore bladder equilibrium function so as to 
avoid the above complications. 

3. Actively prevent and treat urinary system 
infection and renal impairment. 

4. Perform positive training of autonomic blad- 
der after the bladder equilibrium function is 
restored. 

The third class of bladder has the following 
features: there is no detrusor contraction. The 
bladder volume pressure curve is flat and shifts 
rightward. Urethral pressure is low, and bladder 
capacity is large. Myoelectric activity of the 
sphincter is irrelevant to detrusor conditions. The 
12 patients in Group D all had bladder of this 
class. Some of the patients suffered from urinary 
incontinence. Because of poor voiding ability, 
there is usually large amount of residual urine. 
The urinary system infection rate of this group is 
83 %, and the rate of renal damage is 8.3 %. The 
infection rate is far higher than in other groups. 

The test results indicated that residual urine is 
closely relevant to urinary infection. The author 
thinks that the large amount of residual urine 
causes the urine in the bladder bottom to remain 
in a relatively stable condition for a long time. It 
is difficult to void bladder bottom urine. The resi- 
due, epicyte and bacteria are largely deposited. 
Infection will occur once the time is ripe. When 
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we examined the patients with a long course of 
the disease and a large amount of residual urine, 
we found that the residual urine we drained from 
the bladder was a thick liquid and was proved to 
contain a large amount of bacteria. Another fac- 
tor that leads to infection is the lack of muscle 
tone of the detrusor. A large amount of urine will 
make the bladder wall overinflate. Research indi- 
cates that such a condition could reduce the anti- 
bacterial capacity of the bladder and therefore 
provide an environment conducive to bacterial 
invasion [4, 5]. 
Treatment principles for such patients: 

1. Improve bladder function through surgery or 
medicine to eliminate residual urine. 

2. Relieve urinary retention and eliminate resid- 
ual urine through amicrobic or apinoid 
catheterization. 

The above two principles are currently the 
most effective way to solve urinary system infec- 
tion caused by the third class of bladder. 
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Pathological Changes 
in the Detrusor After Spinal 


Cord Injury 


Xianyou Zheng and Chunlin Hou 


4.1 Introduction 
Among the many types of spinal fractures reported, 
thoracolumbar fracture is the most common; it is 
characterized by medullary cone injury, functional 
impairment of the sensory and motor nerves and 
atonic bladder [1—3]. Atonic bladder leads to 
severe urinary retention, refractory urinary infec- 
tions, and even chronic renal failure, making it the 
main cause of death from medullary injury [4, 5]. 
Therefore, it is important to restore self-controlled 
urination in these patients, in order to decrease the 
mortality rate and improve their quality of life. 
Functional restoration of atonic bladder 
involves establishment of an intradural autogeneic 
neural anastomosis with the normal somato-reflex, 
above the paraplegic level, for example, the 
abdominal reflex [6-8]. This technique was used 
to successfully establish a skin-spinal cord-bladder 
reflex path in rats: the anastomosis was made 
between the central end of the ventral root of L4 
and the peripheral end of the ventral root of L6, 
with the dorsal root of L4 intact. We believe that 
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establishment of an artificial bladder reflex with a 
somatic nerve-to-autonomic nerve anastomosis 
has far-reaching influences on atonic bladder 
reconstruction. In our recent studies, we success- 
fully established an abdominal reflex-spinal cord- 
bladder reflex path to restore controlled urination 
in rats [9]. Moreover, we used this method to suc- 
cessfully treat a female patient with medullary 
cone injury caused by an L1 fracture [10]. Four 
months after the injury, we established a new tech- 
nique wherein we created an anastomosis between 
the ventral root of T11 and the ventral root of S2 
with sural nerve transplantation. Self-controlled 
urination was successfully restored in the postop- 
erative 55 months. Furthermore, it was confirmed 
using urine dynamics monitoring that the urination 
was controlled completely by constriction of the 
detrusor muscles. We have therefore verified the 
reliability of the abdominal reflex-spinal cord- 
bladder reflex path in restoring controlled urina- 
tion both experimentally and clinically. 

Atonic bladder is a manifestation of lower 
motor neuron paralysis; it can therefore result in 
degeneration of the target organ because of 
denervation and loss of nutrition, which eventu- 
ally lead to decrease in muscular tone and disap- 
pearance of the physiological reflex [11, 12]. 
Therefore, we think that nerve repair procedures 
should be performed before procedures are con- 
ducted on the detrusor muscle (DM) and its neu- 
romuscular junction (NMJ). In order to study this 
further, it is first necessary to understand clearly 
the time-course changes that occur in the DM and 
its NMJ after medullary cone injury. 


C. Hou (ed.), Functional Bladder Reconstruction Following Spinal Cord Injury via Neural Approaches, 21 
DOI 10.1007/978-94-007-7766-8_4, © Springer Science+Business Media Dordrecht 2014 


22 


In this study, we present a rat model for atonic 
bladder and observe morphological changes in 
the DM and its NMJ. Moreover, we have investi- 
gated time-course degeneration in the DM and its 
NMJ after medullary cone injury, as this informa- 
tion could help determine the optimal operative 
time for restoring self-controlled urination in 
patients with atonic bladder. 


4.2 Materials and Methods 


4.2.1 Animals and Treatments 

All procedures were approved by our institutional 
review committee and followed the national guide- 
lines for animal care and experimentation. We ran- 
domly assigned 56 adult female 7-week-old 
Sprague-Dawley (SD) rats to seven groups (n=8 
for each group). All rats were individually housed 
in cages. The seven groups comprised the normal 
control group and the 4, 6, 8, 10, 12 and 16 weeks 
after medullary cone injury groups; they were 
named in order as A-G. The SD rats of groups 
B-G were considered as atonic bladder models. 
The rats were weighed and anesthetized with an 
intraperitoneal injection of 1 % sodium pentobar- 
bital (40 mg/kg), and were then immobilized with 
abduction of the extremities in the prone position. 
After degermation, medullary cone injury was 
induced at the level of the L4/5 vertebral body in a 
sharp and transsectional manner, with the use of an 
operating microscope. After the operation, the 
wound was disinfected regularly until it healed. 
The rats underwent abdominal pressing 2-3 times 
per day for urination. They were observed for 
ulcerations in the extremities, infections of the 
wounds, self-eating of the limbs and survival rates. 
After procurement of the DMs, the following stud- 
ies were conducted. 


4.2.2 Histological Studies of the DM 


4.2.2.1 Sectional Areas of Muscle 

Fibers 

The DMs were first fixed for 48 h in 10 % formalin. 
After dehydrolysis and paraffin embedding, 
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transversal slices of 5 um thickness were taken 
from the middle of the DM. Then, hematoxylin 
and eosin (HE) staining was carried out using 
the FW4000 digital imaging workstation (Leica 
Inc. Germany). The average value of the sec- 
tional areas of muscle fibers was finally 
calculated. 


4.2.2.2 Ultrastructures of the DM 
and Its NMJ 

The DMs were fixed with 4 % glutaraldehyde 
and osmic acid individually; they were then 
were dehydrated with pyroracemic acid, 
embedded with EPON812, sliced with the 
LKBNOVA ultramicrotome (Bromma Inc. 
Sweden), and dyed with lead and uranium indi- 
vidually. Finally, the ultrastructures of the DM 
and its NMJ were observed under the 
Philips-CM120 transmission electron micro- 
scope (Philips Inc., Dutch). 


4.2.3 Analysis of Fibrosis in the DMs 
The muscles were subject to Masson trichrome 
staining: (1) The DM was fixed in an alcohol- 
glacial acetic acid-formaldehyde solution 
(AAF), dehydrated, embedded with paraffin, and 
sliced to 2 um thickness. Finally, the slice was 
deparaffinized. (2) The slice was fixed with 
Bouin solution for 30 min and then flushed with 
lotic water. (3) The nucleus was dyed with hema- 
toxylin for 10 min and was then flushed with 
lotic water. (4) The section was dyed with 
Ponceau red 2R-acid fuchsin-rubrum scarlati- 
num for 10-20 min and then flushed with dis- 
tilled water. (5) The slice was dyed with 1 % 
phosphomolybdic acid for 3-5 min, and then 
dyed with 2 % aniline blue for 5-10 min. (6) 
After differentiation with a 0.5 % acetic acid 
solution, the slice was dehydrated and mounted 
with neutral gum. The collagen fibers were 
stained blue; muscular fibers, red; endochylema, 
red; nucleus, rufous; and red blood cells, salmon 
pink. Masson trichrome staining was performed 
in order to calculate the percentage of smooth 
muscles and connective tissue, using the FW4000 
digital imaging workstation. 
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4.2.4 Immunohistochemical 


Procedures 


a-Smooth muscle antibody (a-SMA) is a micro- 
filament protein that is required for contraction of 
muscles; it is therefore an indicator of muscle 
contractability. «-SMA was stained using an 
automatic immunohistochemical staining system 
(Ventana Medical Systems Inc., USA). The pri- 
mary antibody was anti-a-SMA (Santa Cruse 
Inc., USA), and the secondary antibody was pro- 
vided by Ventana Medical Systems Inc. The inte- 
gral optical density (IOD) of the a-SMA was 
analyzed using the FW4000 digital imaging 
workstation. Ten fields (10 x 10) were chosen in 
each section to measure the mean IOD of a-SMA. 


4.2.5 Statistical Analysis 

Means and standard deviations were calculated 
from individual values using standard proce- 
dures. One-way analysis of variance (ANOVA) 
was used to determine significant differences 
between the groups, and the Student-Newman- 
Keuls (SNK) test was used for multiple compari- 
sons. Differences were considered significant at 
P<0.05. 


4.3 Results 

All of the rats survived; no infections or self- 
eating of the limbs was observed. One rat in each 
of the groups E, F and G had ulcerations in the 


extremities. After disinfection and bandaging of 
the affected extremities, no further deterioration 
occurred (Table 4.1). 


4.3.1 Sectional Areas of DM Fibers 

In group A, the DM fibers were in fusiform shape 
and funiculose; the cellular nucleus had consis- 
tent contours; and no infiltration of connective 
tissue could be detected in the muscular bundles. 
However, from groups B-G, the muscular fibers 
were gradually more crescent-shaped or irregu- 
lar; they showed misalignment and disarray; 
and marked infiltration of connective tis- 
sue was observed in the muscle bundles (Fig. 4.1). 
Gradually progressive atrophy of the DM over 
time was found in groups B-G (Fig. 4.2). The sec- 
tional areas of the DM fibers in groups A-G were 
7265.86+114.36,5156.31+310.42,5398.47+453.08, 
4146.49+284.06, 3067.40+130.91, 2123.56+ 
235.66, and 1675.98+322.09 um?, respectively. 
The sectional areas of muscle fibers in groups E, 
F, and G were significantly lower (P<0.05) than 
that in control group A, but there was no signifi- 
cant difference between groups B, C, and D, and 
group Å. 


4.3.2 Ultrastructure of the DM 

In group A, DM cells were well-arranged and 
well-distributed with consistent contours and 
size, and normal intermediate junctions were 
observed, with the distance between muscular 


Table 4.1 Detrusor muscle changes in rats after medullary cone injury (n=8, X+s) 


Sectional area of muscle 


Group Bladder weight (g) fibers (um?) 

A 0.138+0.019 7,265.86 + 114.36 
B 0.286 +0.025 5,156.31+310.42 
€ 0.362 +0.018 5,398.47 +453.08 
D 0.412 +0.082 4,146.49 + 284.06 
E 0.496 +0.022*” 3,067.40 130.91% 
F 0.589 +0.023* 2,123.56+235.66* 
G 0.721+0.020* 1,675.98 +322.09° 


Compared with Group A, P<0.05 
Compared with Group G, P<0.05 


Percentage of connective 


tissue (%) a-SMA activity (IOD) 


12.08+1.45 0.96 +0.03 
18.47 +1.32 0.85+0.10 
23.24+2.76 0.74+0.06 
26.29 + 1.88 0.69 +0.09 
SISTER TARE 0.44 +0.08* 
47,22 42.38%" 0.39 +0.10* 
55.56+3.12° 0.36+0.07* 
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cells being much smaller than that in abnormal 
specimens. A few collagen fibers and elastic 
fibers could be seen in the matrix. Organelles 
such as the mitochondria and endocytoplasmic 
reticulum, myofilaments and dense bodies were 
well-organized in the smooth muscle cells. By 
contrast, in groups B-G, the atonic bladders 
showed abnormalities in the ultrastructure of 


Fig.4.1 Transverse sections 
of the detrusor muscle in rats 
of the normal control (a), and 
6 weeks (b), 10 weeks (c) and 
16 weeks (d) after medullary 
cone injury groups. 
Hematoxylin and eosin 
staining (x100) 
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detrusor cells that were gradually aggravated 
over time, such as inconsistent contours, mis- 
alignment and disarray; wide separation between 
muscular cells; abundant collagen fibers and 
irregular dense structures between individual 
cells; obviously widened rough endoplasmic 
reticulum (ER) and mitochondrial edema 
(Fig. 4.3). 
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Fig.4.1 (continued) 


4.3.3 Ultrastructure of the NMJ 

In group A, the normal NMJ contained a large 
amount of organelles, such as mitochondria and 
ER, and abundant synaptic vesicles in the sympa- 
thetic nerve endings. The NMJ in groups B, C 
and D showed a lower amount of mitochondria 
and synaptic vesicles. Conspicuous degeneration 
of the NMJ was observed in group E; it was 


manifested as derangement or disappearance of 
the reductus, and obvious reduction in the amount 
of synaptic vesicles, mitochondria and ER in the 
sympathetic nerve endings. Further deterioration 
and obvious reduction or disappearance of syn- 
aptic vesicles and mitochondria, as well as degen- 
erative corpuscles, was noted in group F. Finally, 
in group G, severe deterioration of the NMJ 
accompanied by absence of synaptic vesicles and 


j.4.2 Ultrastructures of 
the detrusor muscle and its 
neuromuscular junction 
observed under a transmission 
electron microscope in rats of 
the normal control (a), and 

6 weeks (b), 10 weeks (c) and 
16 weeks (d) after medullary 
cone injury groups. / detrusor 
muscle, 2 neuromuscular 
junction, 3 synaptic vesicles, 
4 degenerative corpuscle 
(x15,000) 
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Fig.4.2 (continued) 


a high amount of degenerative corpuscles were 
observed (Fig. 4.3). 


4.3.4 DM Fiber Properties 

In group A, the muscular cells of the DM were 
bunched; the fibers showed similar courses and 
arrangement of the nucleus, with a small amount 
of collagen found distributed in the muscular 
bundles. By comparison, the muscle fibers in 
groups B-G showed gradual progression of fibro- 
sis with time (Fig. 4.2). Obviously tiny muscular 
bundles, misalignment of smooth muscles, a 
large number of collagen fibers and infiltration of 
connective tissue among the muscular bundles 
were observed (Fig. 4.1). The percentage of con- 
nective tissue in the DM of groups A-G was 
12.08 %+145 %, 1847 %+1.32 4%, 
23.24 %+2.76 %, 26.29 %+1.88 %, 
35.67 %+1.12 %, 47.22 %+2.38 % and 
55.56 %+3.12 %, respectively. The percentage 
of connective tissue in groups E, F and G was 
significantly higher (P <0.05) than that in group 
A, but there were no significant differences 
between groups B, C and D, and group A. 


4.3.5 


Expression of a-SMA 


Immunohistochemical staining demonstrated the 
a-SMA was distributed mainly in the DMs. A 
trans-section of the spinal cord showed lighter 
staining for «&-SMA in the DM. The mean IOD 
for a-SMA in groups A-G was 0.96+0.03, 
0.85+0.10, 0.74+0.06, 0.69+0.09, 0.44+0.08, 
0.39+0.10, and 0.36+0.07, respectively. The 
mean IOD for «-SMA in groups E, F and G was 
significantly lower (P<0.05) than that in group 
A, but there was no significant difference between 
groups B, C and D and group A (Fig. 4.2). 


4.4 Discussion 

We were able to study in detail the structural 
changes that occur over time in the DM and NMJ 
after medullary cone injury in SD rats. 

Motor end-plates and the NMJ of skeletal mus- 
cles have been widely studied; however, only a 
few studies have been conducted on smooth mus- 
cles, which have mainly been the focus of studies 
on gastrointestinal motility disorders and gastroin- 
testinal tract tumors [13-15]. In particular, no 
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study has focused on the DM and its NMJ. 
Previous studies have suggested that the NMJ of 
smooth muscles is different from that of skeletal 
muscles. Therefore, it is important to understand 
well the structure and functions of the NMJ of 
smooth muscles too. 

The NMJ of smooth muscles without indepen- 
dent ending structures is distributed around the 
target muscle in the form of a thin neuroplexus; 


Fig.4.3 Transverse sections 
of the detrusor muscle in rats 
of the normal control (a), and 
6 weeks (b), 10 weeks (c) and 
16 weeks (d) after medullary 
cone injury groups. Masson 
trichrome staining for 
analysis of fibrosis (x 100) 
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additionally, neurotransmitters are released and 
diffused from the nerve terminal, which might 
stimulate more adjacent muscular fibers [16-19]. 
These findings are consistent with those of our 
present study. 

The DM is innervated by the parasympathetic 
nerve through a twice neuron exchange mode. 
So, in medullary cone injuries, the lowest level 
neurons localized in or near the bladder wall, 


er 
me 
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Fig.4.3 (continued) 


which may be partly associated with neurotrophy, 
are often unaffected. However, our present study 
has revealed that this neurotrophy of the lowest 
level neurons is limited. 

We observed that obvious degeneration of the 
DM and its NMJ occurred in the 10th postoperative 
week; this means that the DM and its NMJ sooner 
or later undergo irreversible degeneration along 
with prolonging of the denervation. In the present 


study, we did not observe obvious degeneration of 
the NMJ: slight reduction in the amount of mito- 
chondria and synaptic vesicles was observed within 
8 weeks after the medullary cone injury in the rats, 
and from the 10th week, conspicuous degeneration 
of the NMJ appeared. In the 12th or 16th week after 
injury, obvious reduction or disappearance of syn- 
aptic vesicles and mitochondria even to degenera- 
tive corpuscles was noted. 
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In addition, we also measured the sectional 
areas of muscular fibers and the percentage of 
connective tissue in the DM. With time, the per- 
centage of connective tissue also increased sig- 
nificantly. These results indicate that the gradual 
muscular atrophy and fibrosis of the DM were 
consistent with degeneration of the NMJ. Finally, 
immunohistochemical staining for a-SMA sug- 
gested that the contractibility of smooth muscles 
declined with the progression of denervation. 

In conclusion, our data show that conspicuous 
changes of the DM and its NMJ can be observed 
from the 10th week after medullary cone injury 
in rats. Therefore, nerve repair should be per- 
formed before treating the injury. In addition, due 
to species differences between humans and rats, 
further studies should be performed to find the 
optimal operative time to restore self-controlled 
urination in patients with atonic bladder. 


References 


1. Benevento BT, Sipski ML. Neurogenic bladder, neu- 
rogenic bowel, and sexual dysfunction in people with 
spinal cord injury. Phys Ther. 2002;82:601—12. 

2. Dogan S, Safavi-Abbasi S, Theodore N, Chang SW, 
Horn EM, Mariwalla NR, et al. Thoracolumbar and 
sacral spinal injuries in children and adolescents: a 
review of 89 cases. J Neurosurg. 2007;106:426-33. 

3. Heary RF, Salas S, Bono CM, Kumar S. Complication 
avoidance: thoracolumbar and lumbar burst fractures. 
Neurosurg Clin N Am. 2006;17:377-88. 

4. Blok BF, Karsenty G, Corcos J. Urological surveil- 
lance and management of patients with neurogenic 
bladder: results of a survey among practicing urolo- 
gists in Canada. Can J Urol. 2006; 13:3239—43. 

5. Samson G, Cardenas DD. Neurogenic bladder in spi- 
nal cord injury. Phys Med Rehabil Clin N Am. 
2007;18:255—74. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


X. Zheng and C. Hou 


. Chuang DC, Chang PL, Cheng SY. Root reconstruc- 


tion for bladder reinnervation: an experimental study 
in rats. Microsurgery. 1991;12:237-45. 


. Sundin T, Carlsson CA. Reconstruction of severed 


dorsal roots innervating the urinary bladder. An 
experimental study in cats. II. Regeneration studies. 
Scand J Urol Nephrol. 1972;6:185—96. 


. Xiao CG, Godec CJ. A possible new reflex pathway 


for micturition after spinal cord injury. Paraplegia. 
1994;32:300-7. 


. Lin H, Hou C, Chen A, Xu Z. Innervation of recon- 


structed bladder above the level of spinal cord injury 
for inducing micturition by contractions of the abdo- 
men — to — bladder reflex arc. Neurosurgery. 2010; 
66:948-52. 

Lin H, Hou CL, Zhong G, Xie Q, Wang S. 
Reconstruction of reflex pathways to the atonic blad- 
der after conus medullaris injury: preliminary clinical 
results. Microsurgery. 2008;28(6):429-35. 
Hiersemenzel LP, Curt A, Dietz V. From spinal shock 
to spasticity: neuronal adaptations to a spinal cord 
injury. Neurology. 2000;54:1574—82. 

Storch JS. Lumbar burst fracture associated with 
bowel, bladder, and sexual dysfunction: case study. J 
Neurosci Nurs. 2005;37:68-71. 

Dahlberg A, Perttilå I, Wuokko E, Ala-Opas M. 
Bladder management in persons with spinal cord 
lesion. Spinal Cord. 2004;42:694-8. 

Hirsch NP. Neuromuscular junction in health and dis- 
ease. Br J Anaesth. 2007;99:132-8. 

Kobayashi H, Yamataka A, Lane GJ, Miyano T. 
Disseminated mixed intestinal dysmotility (DMID): a 
new intestinal ganglion cell disorder? Pediatr Surg 
Int. 2005;21:883-8. 

Pirker ME, Rolle U, Shinkai T, Shinkai M, Puri P. 
Prenatal and postnatal neuromuscular development of 
the ureterovesical junction. J Urol. 2007;177:1546-51. 
Burnstock G. Innervation of bladder and bowel. Ciba 
Found Symp. 1990;151:2-18. 

Fry CH, Hussain M, McCarthy C, Ikeda Y, Sui GP, 
Wu C. Recent advances in detrusor muscle function. 
Scand J Urol Nephrol Suppl. 2004;215:20—5. 
Hashitani H, Bramich NJ, Hirst GD. Mechanisms of 
excitatory neuromuscular transmission in the guinea- 
pig urinary bladder. J Physiol. 2000;524:565—79. 


Microstructural Study 

of the Detrusor Muscle After 
Repair of Atonic Bladders Caused 
by Injury to the Medullary Cone 
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5.1 Introduction 

Thoracolumbar fractures often cause injury to the 
medullary cone, resulting in the loss of sensory 
and motor functions of the bladder, which is 
termed “atonic bladder”. Severe urinary reten- 
tion, refractory urinary-tract infection and the 
resultant chronic renal failure become the main 
cause of death in subjects with spinal cord injury 
(SCD [1]. Hou et al. [2, 3] used the normal nerve 
roots above the level of the SCI as the donor 
nerves to reconstruct urinary function. They 
demonstrated reinnervation of the bladder 
through studies of electrophysiology, intravesical 
pressure and histology. Zheng et al. [4] studied 
the ultrastructural changes in the detrusor muscle 
and its neuromuscular junction (NMJ) after 
medullary-cone injury (MCD) in rats, and noted 
the features of degeneration and the optimal time 
of surgery. 

We wanted to know if reconstruction of blad- 
der function can prevent degeneration of the 
detrusor muscle. Hence, we studied microstruc- 
tural changes in the detrusor muscle after repair- 
ing atonic bladders caused by MCI with normal 
nerve roots above the level of the SCI. Our pri- 
mary purpose was to ascertain if reconstruction 
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of urinary function with the normal lumbosacral 
nerve roots above the level of the SCI could con- 
strain regression of the detrusor muscle. 


5.2 Material and Methods 


5.2.1 Animal Preparation 
and Surgical Procedures 


A total of 104 adult female Sprague-Dawley rats 
were randomized equally into 13 groups: normal; 
groups involving the repair of urinary function 
after MCI 1, 2, 3, 4, 5, and 6 min after surgery, 
which were assigned as groups T1—T6, respec- 
tively; and groups involving non-repair of uri- 
nary function after MCI 1, 2, 3, 4, 5, and 6 min 
after surgery, which were assigned as groups tl— 
t6, respectively. 

Groups t1-t6 were created in a specific way. 
Briefly, rats were weighed and anesthetized (1 % 
sodium pentobarbital, 40 mg/kg), and placed 
prone on a table. After shaving the fur and steril- 
izing the incision site, laminectomy was under- 
taken at the L4/5 vertebral plane. The spinal cord 
was transected sharply at this plane with surgical 
scissors. The wound was sterilized and sutured 
after the procedure. 

Groups T1—T6 were also created in a specific 
way. Briefly, rats were weighed and anesthetized 
and placed prone on a table. After shaving the fur 
and sterilizing the incision site, a longitudinal 
median incision was made from L4 to S4 to 
expose the cauda equina. The bilateral L5 ventral 
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roots (VRs) were transected before they merged 
as mixed nerves. The S2 VRs were transected at 
the level of the L5 foramen intervertebrale. The 
bilateral L5 dorsal roots (DRs) were transected in 
the post-ganglionic area with the short mixed 
nerves. The S2 DRs were transected in the imme- 
diate post-ganglionic area. End-to-end anastomo- 
ses were carried out in L5 and S2 VRs. The DR 
stumps were coapted with a nerve graft (the S2 
DRs in the dural sac with the exception of dorsal 
root ganglia). All nerves were repaired with one 
stitch using 12—0 monofilament nylon under a 
microscope at x 10 magnification. After the pro- 
cedure, penicillin (400,000 U/day) was adminis- 
tered for 3 consecutive days to prevent infection. 
Rats in the injury groups and repair groups could 
not urinate by themselves. Urination was 
achieved by pressing upon the abdomen once a 
day. Rats that died were replaced with other rats 
to ensure that the sample size in each group 
remained constant. 


5.2.2 Residual Urine Volume 


At the designated time, the abdomens of rats in 
each group were squeezed to achieve urination at 
a certain time in the morning of 3 consecutive 
days, and the urine volume recorded. In addition, 
the urine volume of rats in the repair group and 
injury group were recorded 1—3 days after the 
procedure, and assigned as TO and tO, 
respectively. 


5.2.3 Histological Observation of 
the Detrusor Muscle 


The detrusor muscle was fixed in 4 % parafor- 
maldehyde solution for 48 h. It was then dehy- 
drated and immersed in paraffin wax. The 
middle of the detrusor muscle was sliced into 
5-um sections using a LKB-I Ultramicrotome 
(LKB, Bromma, Sweden). After dyeing with 
hematoxylin and eosin (H&E), morphological 
changes were observed under a light micro- 
scope. Three fields of each section were ana- 
lyzed using the Qwin300 Digital Imaging 
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Workstation to calculate the mean cross-sec- 
tional area of longitudinal smooth-muscle 
fibers. The mean value of the three fields was 
recorded. 


5.2.4 Electron Microscopic 
Observation of the 
Ultrastructure of the Detrusor 
Muscle and NMJ 


The detrusor muscles of rats of the normal, T1, 
T3, T6, t1, t3 and t6 groups were pruned to tis- 
sue blocks of size <1 mm”. They were then 
double-fixed in 2.5 % glutaraldehyde and osmic 
acid solution. They were then dehydrated with 
ethanol and acetone, embedded with Epon 812 
resin (Electron Microscopy Sciences, Hatfield, 
PA, USA) and sliced using a LKB-I 
Ultramicrotome (LKB) into 50-nm sections. 
They were double-dyed with lead and uranium 
and observed using a Philips CM120 
Transmission Electron Microscope (Philips, 
Amsterdam, the Netherlands) for ultrastruc- 
tural observation of the detrusor muscle and 
NMJ (mainly changes in synaptic vesicles and 
organelles). 


5.2.5 Analyses of Fibrotic 
Components in the Detrusor 
Muscle 


Sliced 5-um paraffin sections of the detrusor 
muscle were dyed with Masson’s trichrome 
stain. Using this stain, collagen fibers are blue, 
muscle fibers and the cytoplasm are red, and the 
nucleus blue and brown. Sections were ana- 
lyzed using the Qwin300 Digital Imaging 
Workstation to calculate the percentage of con- 
nective tissue in detrusor muscle using a mag- 
nification of x 20. 


5.2.6 Statistical Analyses 


Data are the mean and standard deviation. 
Two-way ANOVA was used to determine the 
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difference between the groups of MCI and 
bladder-function reconstruction. One-way 
ANOVA was used to determine intragroup dif- 
ferences. The least-square difference method 
was employed for multiple comparisons. 
P<0.05 was considered significant. Data were 
analyzed using SPSS ver13.0 (SPSS, Chicago, 
IL, USA). 


5.3 Results 


5.3.1 Residual Urine Volume 

A significant difference was observed between 
the groups of MCI and bladder-function recon- 
struction. In tl—t6, the residual urine volume 
increased with time and there were significant 
differences among these groups (P<0.05). An 
increase in the residual urine volume was 
observed in T1-T3 but decreased in T4-T6 
(Table 5.1). 


5.3.2 Histological Observation 
of the Detrusor Muscle 


In the normal groups, the smooth muscle cells 
(SMCs) were in a long “shuttle” shape and funic- 
ular in arrangement. The nucleus was arranged in 
an orderly manner and parallel to muscle cells. 
Infiltration into connective tissue among the mus- 
cle bundles was not observed. 

In tl-t6 and T1-T3, muscle cells were 
arranged in an irregular manner and the nucleus 
was deformed. The detrusor muscle was smaller, 
and increased infiltration into connective tissue 
was observed with time. 

In T4—T6, deformed muscle cells were seen, 
but the area of detrusor muscle increased and 
increased infiltration into connective tissue was 
not observed (Fig. 5.1). 

Study of the mean-cross sectional area of the 
detrusor muscle suggested that it decreased sig- 
nificantly in tl-t6 with time and there were sig- 
nificant differences among the groups of MCI. 
However, in the reconstruction groups, the mean- 
cross sectional area of the detrusor muscle 


Table 5.1 Residual urine volume after surgery (n=8, X +s) 


Residual 
Reconstruction Residual Injury volume 
group volume (mL) group (mL) 
Normal 3.31+0.18 Normal 3.28+0.20 
Tl 5.09+0.19 tl 5.06+0.16 
T2 7.54£0.18 t2 7.78+0.12 
T3 9.85 +0.29 t3 12.03 +0.18 
T4 6.35 £023 t4 15.11 +0.30 
115 4.11+0.16 t5 18.22+0.37 
T6 2.31+0.22 t6 20.15+0.53 


decreased in T1-T3 but increased in T4-T6 
(Table 5.2). 


5.3.3 Ultrastructure of the Detrusor 
Muscle and NMJ 


In the normal groups, SMCs were in a long shut- 
tle shape and aligned in an orderly manner. The 
intercellular space was small and uniform. 
Mitochondria and endoplasmic reticula were not 
swollen. Dense bodies and parallel-arranged 
myofilaments could be seen in muscle cells. 
Many pinocytotic vesicles were observed under 
the muscle membrane. A normal NMJ was seen 
between the cells of the detrusor muscle, with 
abundant synaptic vesicles, mitochondria and 
endoplasmic reticula. 

In the reconstruction and injury groups, atro- 
phy of muscle cells, disorganized fibers, and 
decreased/absent connections between cells were 
observed. An increased distance between cells and 
an appreciable number of collagenous fibers 
between myocytes were noted. Intracellular organ- 
elles were swollen and the number of myofila- 
ments reduced. Dense bodies and pinocytotic 
vesicles in myocytes were observed. A reduction 
in the number of synaptic vesicles in the NMJ of 
T1 and T3 was noted, but more synaptic vesicles 
were observed in the NMJ of T6. In t1, the number 
of synaptic vesicles in the NMJ was less than that 
in the NMJ of the normal group. In t3, the structure 
of the NMJ degenerated with a deficiency of syn- 
aptic vesicles. In t6, the NMJ was rarely seen 
between detrusor-muscle cells (Fig. 5.2). 


34 


5.3.4 Analyses of Connective Tissue 


In the normal groups, detrusor-muscle cells were 
aligned and little connective tissue was observed 
among the muscle bundles. In tl-t6, fibrosis 
developed with time along with tiny muscle bun- 
dles. Infiltration of connective tissue was seen in 
T1-T6, but was relatively stable in T3-T6 
(Fig. 5.3) (Table 5.3). 


Fig.5.1 Transverse sections 
of the detrusor muscle in 
Sprague-Dawley rats of 
normal (a) medullary-cone 
injury (b-g) and reconstruc- 
tion (h-m) groups stained by 
hematoxylin and eosin for 
analyses of the cross-sectional 
areas of muscle fibers (x400 
magnification) 
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5.4 Discussion 


Three nerves innervate the bladder. The pelvic 
nerve originates from S2 to S4, consists of para- 
sympathetic nerve fibers, and governs contrac- 
tion of the detrusor muscle. The hypogastric 
nerve originates at T11—L2, consists of sympa- 
thetic nerve fibers, and inhibits voiding of the 
detrusor muscle. The pudendal nerve contains 
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Table 5.2 Cross-sectional area of the detrusor muscle (n=8, x +s) 


Reconstruction group 


Normal 6,163.13+583.50 
Wil 4,964.04 + 242.09 
12 3,800.47+283.54 
T3 3,341.43+285.66 
T4 4,432.19+401.26 
15 4,680.22 +248.00 
T6 5,246.43 +343.71 


mainly somatic nerve fibers and innervates the 
external urethral sphincter. The sacral cord S2— 
S4, one part of the medullary cone, is a low-level 
micturition center. Thoracolumbar fractures 
often damage the medullary cone and then the 
reflex arc, leading to an acontractile detrusor 
muscle, strained sphincters and, eventually, an 
atonic bladder [5]. 

In health, the detrusor muscle comprises 
spindle-shaped SMCs with a single nucleus. 
The muscle bundles are surrounded by thick 
interstitial macrosepta of collagen, elastin and, 
occasionally, fibroblasts. Under electron micros- 
copy, numerous mitochondria and, occasionally, 
endoplasmic reticula and the Golgi apparatus 
are observed. In the sarcoplasm, clusters of ribo- 
somes and dense bodies are seen, along with 


Mean cross-sectional area (um?) 


Injury group Mean cross-sectional area (um?) 
Normal 6,163.13 +583.50 

tl 4,994.7 183.11 

t2 3,748.8+208.91 

t3 2,964.8+182.89 

t4 2,047.22+219.30 

t5 1,483.98+ 133.93 

t6 962.01 + 110.09 


rows of caveolae throughout the sarcolemma. 
The axon bundles are sparse in the interstitium 
and only a portion of myocytes can be stimu- 
lated directly by the NMJ; most receive the 
stimulus of contraction via mechanical coupling 
or electrical coupling in intercellular junctions 
[6]. Contraction of the detrusor muscle is based 
mainly upon three components: SMCs, the inter- 
stitium and intramural nerves. Myocyte mor- 
phology directly determines contraction of the 
detrusor muscle. Intramural nerves are mainly 
autonomic nerves, affecting contraction and 
relaxation through respective neurotransmitters 
[7]. However, the ends of these nerves surround 
the target muscle in the form of a neuroplexus 
without independent-ending structures, and 
the neurotransmitters released from the nerve 
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terminals stimulate more adjacent muscular 
fibers in a diffusive way [8]. 

Ultrastructural changes in the detrusor muscle 
affect bladder function. Hindley et al. [9] exam- 
ined 21 bladder samples of patients with severe 
hypocontractile detrusor muscles. They found: 
widespread disrupted muscle cells; sarcoplasmic 
vacuolation; disruption of cell organelles (and, 
ultimately cell lysis); and excessive deposits of 
collagen and elastic fibers between widely sepa- 
rated muscle cells and in the interstitium. MCI 
can cause an atonic bladder, but there are similar 
changes in the detrusor muscle apart from 


Fig.5.2 Transmission 
electronic microscope 
observation of the detrusor 
muscle and neuromuscular 
junction (NMJ). A reduction 
in the number of synaptic 
vesicles in the NMJ of rats of 
T1 (a) and T3 (b) was noted, 
but more synaptic vesicles 
were observed in the NMJ of 
rats of T6 (c). In tl (d), the 
number of synaptic vesicles in 
the NMJ was less than that in 
the normal group (e). In t3 (f), 
the structure of the NMJ 
degenerated with a deficiency 
of synaptic vesicles. In t6 (g), 
the NMJ was rarely seen 
between detrusor-muscle cells 


denervation: irregularly arranged muscle cells, 
fewer intermediate junctions with collagen dis- 
position, decreased caveolae throughout the sar- 
colemma, swollen mitochondria in myocytes and 
chaotically arranged myofilaments [10]. These 
changes often bring poor contraction of muscle 
cells and poor coupling among myocytes. Zheng 
et al. [4] created a model of MCI through transec- 
tion of the L4/5 vertebral plane. They found that 
conspicuous changes of the detrusor muscle and 
its NMJ occurred from the tenth week after MCI 
in rats and that this degeneration was aggravated 
with time. Severe degeneration can seriously 
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affect the recovery of an atonic bladder, so we 
wondered if early treatment would be helpful. 
There are several treatments for an atonic 
bladder caused by MCI: clean intermittent cath- 
eterization (CIC) [11], abdominal compression 
[12], and drug therapy [13]. CIC is the “gold 
standard”, but the procedure is not easy to carry 
out, and can lead to urethral injury and urinary 
tract infections. Therefore, “auto-urination” has 


Fig.5.3 Transverse sections 
of the detrusor muscle in 
Sprague-Dawley rats of 
normal (a) medullary-cone 
injury (b-g) and reconstruc- 
tion (h-m) groups stained 
with Masson’s trichrome for 
analyses of the connective 
tissue (x200 magnification) 
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become a research focus. Hou et al. [14] recon- 
structed the atonic bladder using the abdominal 
reflex remaining above the level of the SCI. They 
anastomosed the T11 VR to the S2 VR unilater- 
ally through a nerve graft. Postoperatively, these 
patients voided urine by scratching or gently 
squeezing the T11 dermatome. Between 2007 
and 2009, they used the normal S1 VR above the 
level of the SCI to innervate the atonic bladder 
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Fig.5.3 (continued) 
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Fig. 5.3 (continued) 
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Fig.5.3 (continued) 
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Fig. 5.3 (continued) 
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Fig. 5.3 (continued) 


Table 5.3 Proportion of connective tissue in each group 


Reconstruction group Connective tissue (%) 


Normal (0 m) 12.83+1.12 
mil 21.64+1.83 
112 26.16+2.20 
T3 29.01+1.37 
T4 29.40 + 1.74 
TS 30.29 + 1.74 
T6 32.06+3.29 


with normal lower extremities through neuro- 
anastomosis with S2/3 VRs of the same side. 
Seven out of nine patients regained satisfactory 
bladder control within 8-12 months [13]. Lin 
et al. [15] constructed a new ‘sensor-sensor, 
motor-motor” reflex pathway by transfer of the 
LS VR to the S2 VR root together with post- 
ganglionic spinal nerve transfer of the LS DR to 
the S2 DR with a nerve graft in a SD mouse 
model (i.e., spontaneous mutation of the house 
mouse). They demonstrated the reconstruction of 
the sense and motor function of the bladder 
through studies of the electrophysiology, intra- 
vesical pressure and histology of the anastomo- 
ses. Reconstruction of urinary function can 
realize autonomous voiding in patients and has 
few complications, so it has good prospects. 
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Injury group Connective tissue (%) 
Normal (0 m) 12.83+1.12 
tl 20.40 + 1.53 
t2 26.78+1.25 
t3 47.34+1.34 
t4 1229822109 
t5 84.62+1.62 
t6 93.54+2.23 


In the present study, we constructed the sensor— 
sensor, motor-motor reflex pathway in Sprague— 
Dawley rats with MCI. The residual urine volume 
increased in the first 3 months, then decreased, 
after surgery. These findings suggested that the 
voiding function of rats had improved. We observed 
an increase in the number of synaptic vesicles in 
the NMJ of rats of the T6 compared with those of 
T3 by electron microscopy. This finding was a 
symptom of nerve regeneration, suggesting inner- 
vation of the atonic bladder. The increase in the 
mean cross-sectional area of the detrusor muscle 3 
months after surgery reflected the improvement in 
the detrusor muscle with innervation. We showed 
that the proportion of connective was not signifi- 
cantly different in T3, T4 and TS, and that fibrosis 
of the detrusor muscle ceased upon reinnervation. 
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These data suggest that reconstruction of uri- 
nary function with normal lumbosacral nerve 
roots above the level of the SCI can restore void- 
ing function and constrain the regression of the 
detrusor muscle. 
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Selective Sacral Rhizotomy: 
Introducing a Simple 
Intraoperative Manometric 


Method 


Chunlin Hou and Mingxuan Liu 


6.1 Background 

Spinal cord injury not only results in somatic 
nerve paralysis but also makes the visceral organs 
lose higher central control and dominance, caus- 
ing neural dysfunction of the sex organs. Injury 
above the cone accounted for 75 % of all kinds of 
spinal cord injury. After recovery, most patients 
will develop a spastic bladder with high tension 
and reflectance. Urinary incontinence and failure 
of urinary storage may exist at the same time. Not 
only is there a barrier in the functions of both 
urine storage and micturition, but also the pres- 
ence of high pressure bladder causes ureteral 
reflux and consequent damage to the kidney, 
which is the primary cause of death of paraplegic 
patients. Therefore, improvement of the bladder 
functions of urine storage and micturition is the 
basic premise behind attempts to prolong 
patients” life and improve its quality. Based on 
our success in experimental research on selective 
sacral rhizotomy in the treatment of spastic blad- 
der after spinal cord injury, we started to carry 
out clinical operations on some cases in 1998 [1, 
2]. So far we have completed 32 cases, among 
which the longest follow-up is 33 months, all 
exhibiting a prominent treatment effect. 
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6.2 Animal Experiment 


6.2.1 Introduction 

Curing spastic bladder dysfunction caused by 
sacral spinal cord injuries as describe above can 
reduce complications in the urinary system, 
thereby improving patients” quality of life. Upon 
considering the anatomical features of the sacral 
nerve root, we designed an experiment to test 
highly selective sacral root rhizotomy, expecting 
to improve bladder function by blocking part of 
the neural pathways to reduce the opportunities 
for malignant invasion. This experiment also 
examined the treatment mechanism of selective 
sacral nerve root rhizotomy and laid a theoretical 
foundation for the clinical application of this sur- 
gical method. 


6.2.2 Materials and Methods 


6.2.2.1 Preparation of the Animal 

Model 

Twelve male dogs, each weighing 10-12 kg, 
were prepared into models of complete high- 
level spinal cord injury. Spastic bladder after spi- 
nal cord injury is characterized by detrusor 
hyperreflexia, contracture, reduction of bladder 
capacity and decrease of urine storage function, 
which, together with cramping of the urethral 
sphincter in most cases, lead to the rise of ure- 
thral pressure and increased urethral meatus 
resistance, which not only have an adverse effect 
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Fig.6.1 Schematic diagram a S1 
of selective sacral rhizotomy 
(a) group A; (b) group B; s2 
(€) group C; (d) group D 
S3 
c S1 
S2 
$3 


on micturition but also cause the rise of bladder 
pressure, leading to urine reflux and kidney dam- 
age. The study of sacral nerves’ control of the 
lower urinary tract indicates that there is a divi- 
sion of labor of the sacral nerves over different 
organs and organization of the lower urinary 
tract, and crossover control exists as well. The S 
mainly controls the detrusor and partially con- 
trols the sphincter. The S; mainly controls the 
sphincter and partially controls the detrusor. The 
S, mainly dominates the penis, and partially con- 
trols the detrusor and sphincter. There is a com- 
pensatory effect between each of these functions. 
Therefore, cutting off the S, anterior nerve root 
can theoretically block a major neural signal of 
the detrusor and keeping the S, anterior root can, 
to a greater extent, avoid the loss of erectile func- 
tion. In order to achieve the maximum ease of 
detrusor convulsion while retaining micturition 
and sexual function, we explored the methods of 
selective sacral rhizotomy through cutting off the 
S2_4 anterior nerve roots in sequence. Accordingly, 
this study adopted four different rhizotomy 
modes and is divided into four groups marked A, 
B, C and D. In Group A, we selectively cut off the 
S, ventral root and retained the S, and Sy; in 
Group B, we selectively cut off the S, ventral root 
and half of the S, ventral root; in Group C, we 
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selectively cut off the S, and S, ventral roots, 


retaining the S,. In Group D, we completely cut 
off the S,.4 nerve roots (Fig. 6.1). 


S1 
S2 


S3 


6.2.2.2 Operation Procedure 

Proceed with intravenous anesthesia with 25 mg/ 
kg 3 % barbitone sodium. Cut off the spinal cord 
of a dog at incision T8, and wait 10-20 days for 
the spastic bladder model to form (Fig. 6.2). 
Thereafter, anesthetize the dog with the same 
method as above. Then cut it open in the middle 
of the hypogastrium and put a No. 12 catheter in 
the bladder through the incision in the posterior 
urethra. Penetrate the receiving electrode of the 
Cantata 2000 electromyographic instrument 
(Dantec, Denmark) into the detrusor and sphinc- 
ter’s sutured incision. The catheter is connected 
to a urodynamic pressure gauge, which measures 
the bladder capacity and urethral pressure. Then 
cut the L;-S4 nerve roots in the middle, resect the 
vertebral lamina on both sides so that the bilateral 
S»_4 nerve roots are revealed, and locate the nerve 
root anatomically (Fig. 6.3). Cut open the dural 
sac and carefully separate the sacral anterior root. 
Use an insulating rubber sheet to isolate the S; 4 
nerve roots on both sides from the surrounding 
tissue to prevent bias caused by electrical 
stimulation. 


6 Selective Sacral Rhizotomy: Introducing a Simple Intraoperative Manometric Method 55 


Fig. 6.2 Cut off the spinal 
cord of a dog at incision T8 
for the spastic bladder model 
to form 


Fig. 6.3 Locate the nerve root of the dogs anatomically 


6.2.2.3 Experimental Test Method 

Before cutting off the nerve root, record urine 
flow mechanics and electrophysiology data from 
which will serve as the control. Selective cutting 
of the S, anterior nerve root is marked as Group 
A, and carry out urodynamic testing to determine 
the urinary bladder capacity and urethral pres- 
sure. Stimulate the retained sacral nerve root with 
the single-phase square wave (115 mV, 1.0 ms) 
electric current of the same strength as that used 
in the control group. Use the Cantata 2000 elec- 
tromyographic instrument to record the evoked 
potentials of the detrusor and sphincter’s motor 
nerve, and calculate the average of the wave 
crests. Stimulate the retained sacral nerve root 
with an electric current (1,200 mV, 10 Hz, 25 ms) 
of the same strength, and observe and record the 


bladder emptying and penile erectile function. 
Thereafter, sequentially cut off half of the S; 
anterior nerve root, the rest of the S, anterior 
nerve root and the S, anterior nerve root. Conduct 
the same tests on Group B, Group C and Group D 
as those on Group A. 


6.2.2.4 Statistics 

Use a paired ¢ test to analyze the urodynamic 
measured value and changes in electric potential 
wave crests evoked by muscular movement. 


6.2.3 Results 

6.2.3.1 Urodynamic Test 

As more of the sacral nerve root was cut, bladder 
capacity increased gradually, bladder compliance 
obviously improved and urethral pressure was 
gradually reduced (Table 6.1). For these tests, the 
measured value of Group B was close to normal 
(180+30 ml and 60+ 10 cm H,O) and there was 
a significant difference between each group’s 
results (p<0.05). 

When the retained sacral nerve root is stimu- 
lated with a single-phase square wave of the same 
intensity, there was no obvious difference in the 
detrusor-motion-evoked electric potential wave 
crest between the control group and Groups A 
and B (Table 6.2) (P>0.05), while results in 
Groups C and D obviously decreased and 
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Table 6.1 Bladder capacity and urethral pressure test result (mean + standard deviation) 


Control group Group A Group B Group C Group D 
Bladder capacity (ml) 50+20 150+50 180+30 230450 400+40 
Urethral pressure (cm H,O) 90+20 80+10 60+ 10 50+10 30+10 
Table 6.2 Detrusor sphincter peak potential, examination results (mean + standard deviation) (mV) 
Control group Group A Group B Group C Group D 
Detrusor 1 Se32 11.3+2.62* DS 8.6+1.45 52511828) 
Sphincter 102825 10.5+2.78 8.32+2.34 6.5+3.14 318184 
*P>0.05. Compared with control group 
Table 6.3 Voiding of the bladder and erectile function (mean +standard deviation) (ml) 
Control group Group A Group B Group C Group D 
Bladder voiding volume 30+20 130+30° 180+50° 100+50° 50+30 
Erectile function Existence Existence Existence Abate Loss 


“P<0.05. Compared with control group 


exhibited remarkable differences from the other 
three groups. 


6.2.3.2 Urination and Erectile 
Function Test 

With the electric current of same intensity stimu- 
lating the sacral nerve root of the sample from 
each group, the bladder voiding volume result 
(Table 6.3) illustrates that appropriately cutting 
off a certain number of sacral nerve roots can sig- 
nificantly increase the bladder urine output, while 
cutting off too much significantly reduces the 
urine output. The Group B urine volume increased 
significantly. Differences in micturition volume 
between those groups were significant (p<0.05). 
Penile erectile function was lost by 1 dog each 
and maintained in the rest of the dogs in Groups 
A and B, reduced or weakened in Group C, and 
completely lost in Group D. 


6.2.4 Discussion 

Treatment of bladder dysfunction caused by spi- 
nal cord injury has many years of history [3, 4]. 
In recent decades, kidney damage and other com- 
plications caused by spastic bladder are more 
clearly understood, and a variety of clinical treat- 
ment methods are used to improve patients’ urine 
storage and micturition function and avoid 


complications. In 1953, Brendler [5] used com- 
plete sacral rhizotomy in the treatment of spastic 
bladder caused by spinal cord injury. By cutting 
off the sacral reflex arc, he converted an upper 
motor neuron lesion (UMNL) to a lower motor 
neuron lesion (LMNL). Although this method is 
effective in relieving the detrusor sphincter spasm 
and improving bladder storage, the detrusor 
sphincter is excessively relaxed and the voiding 
function is not significantly improved. 
Meanwhile, the risks of urinary retention and uri- 
nary tract infection are increased. In addition, 
this method can damage the penis erection reflex, 
leading to impairment of sexual function. In 
1968, Manfredi [6] adopted selective posterior 
sacral rhizotomy. Although the urine storage and 
micturition function is improved in the short term 
after the operation, the follow-up observation 
results indicated that in the long run there is no 
effective improvement to the bladder function of 
the majority of patients. Therefore, the method 
has not been widely adopted. The basic theory of 
selective sacral rhizotomy is different from those 
before. With the success of this experimental 
research, we hope that we can lay a good founda- 
tion for clinical application of this method. 

The theoretical basis of selective sacral rhi- 
zotomy is that the mechanism of bladder detrusor 
and urethral sphincter spasms after suprasacral 
cord injury is the partial or total loss of control 
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between advanced central nerves and the spinal 
nerve system, leading to y motoneuron excitabil- 
ity, increase of muscle spindle sensitivity, and, 
subsequently, hyperreflexia and loss of voluntary 
movement [7—9]. A neural operation to reduce 
the transfer of malignant signals from voluntary 
muscle, smooth muscle and muscle spindle y 
afferent nerve fibers is the theoretical basis of 
muscle spasm treatment. However, there is not 
yet an effective method to distinguish y afferent 
nerve fibers from peripheral nerves. Therefore, it 
is almost impossible to selectively cut off y affer- 
ent nerve fibers, and whether there is an alterna- 
tive method is the key to the surgical treatment 
[10-12]. Current research suggests that afferent 
fibers of y motor neurons and sacral as well as 
peripheral nerves may have the same distribution 
characteristics in functional anatomy, and the 
nerve fibers controlling the detrusor and sphinc- 
ter both reach the dominance region through the 
sacral anterior root. In this regard, selective neu- 
rotomy of the sacral anterior root can effectively 
reduce the malignant nerve signals [13-15]. 

The experimental results showed that: (1) 
postoperative bladder capacity and urethral pres- 
sure in each group are significantly higher and 
lower, respectively, than in the control group, and 
the effect is closely related to the number of 
sacral nerve roots cut. The bladder capacity and 
urethral pressure in Group B are both within the 
normal range. Tip: properly cutting off a certain 
number of sacral nerve roots can evidently relieve 
the spasm of the detrusor and sphincter, effec- 
tively improve bladder storage function and 
reduce resistance in the urethral meatus. (2) The 
results in Groups A, B and C were significantly 
better than in the control group. Postoperative 
contrast of bladder capacity and urine output 
showed that the urine output of Group B increased 
most significantly without an obvious increase in 
residual urine. The urine output of Group C and 
D reduced gradually. Tips: (1) properly cutting 
off a certain number of sacral nerve roots does 
not significantly affect the detrusor contraction 
function. In addition, because bladder capacity 
increases and the urethral meatus resistance is 
reduced, the bladder voiding and emptying abil- 
ity can be effectively improved. (2) Although 


cutting off too much of the sacral nerve roots can 
increase the bladder capacity, it may excessively 
reduce the muscle tension and shrinkage ability 
of the detrusor, reducing the micturition function 
of the bladder. (3) The testing results on the elec- 
tric potential evoked by detrusor motion showed 
the following curve and peak values of the con- 
trol group and Groups A and B (Table 6.2). 
Statistics processing indicated no significant dif- 
ference. Description: Cutting off an appropriate 
number of sacral nerve roots has no obvious 
influence on detrusor contraction, which is con- 
sistent with urodynamic testing results. Tips: 
there is a mechanism of mutual compensation 
between the sacral nerve root and the sacral 
plexus. (4) Observations of penile erectile func- 
tion showed that it is closely related to the S3 
nerve, but there are differences among different 
individuals. 

The conclusion of this experimental research: 
Selective sacral rhizotomy has an obvious cura- 
tive effect on spastic bladder caused by spinal 
cord injury, but the cutting site, method and 
quantity are extremely important to the improve- 
ment of bladder storage and micturition function. 
Cutting too much or too little cannot achieve the 
desired results and may damage other functions. 
The treatment used in Group B, i.e., selectively 
cutting off the S, and half the S, nerve roots, has 
the most satisfactory effect. 

The experimental results have led the authors 
to several conclusions: (1) Afferent fibers of y 
motor neurons and sacral nerve roots may have 
the same distribution characteristics in functional 
anatomy; (2) selective sacral rhizotomy can 
effectively control y motoneuron excitability, 
reduce malignant nerve signals, and properly 
adjust nerve impulses and muscle tension; (3) 
partially cutting off the motor nerve also, to some 
extent, does good to muscle tension adjustment; 
and (4) there is a mechanism of mutual compen- 
sation between the sacral nerve root and the 
sacral plexus. 

The success of this experiment figures to be a 
new clinical treatment of spastic bladder. The 
method has the following characteristics: (1) the 
treatment of spasm of the detrusor and urethral 
sphincter is highly selective and targeted; (2) this 
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method can effectively avoid damage to the 
nerves of the penis so as to protect patients” sex- 
ual function; (3) because the operation is rela- 
tively simple and causes very little damage, it can 
readily come into wide use. 


6.3 Clinical Application 


6.3.1 Introduction 

To practically solve spastic bladder caused by 
spinal cord injury, avoid damage to renal func- 
tion and cultivate self-discipline of the bladder, 
we performed selective sacral rhizotomy on SCI 
patients. 


6.3.2 Indications 

Patients who presented with complete suprasa- 
cral SCI with neurogenic bladder and had stable 
neurological injury and no contraindications for 
general anesthesia or surgery. 


6.3.3 Surgical Technique 

Using the conventional lumbosacral vertebrae 
(L;~S,) posterior median incision, cut open the 
subcutaneous tissue and supraspinal ligament. 
Separate muscle on both sides of the spinous pro- 
cess, reveal the bilateral vertebral plate on both 
sides of the lumbosacral vertebrae, and conduct 
anatomical localization of the lumbosacral 
vertebrae. Perform bilateral laminectomy on 
Ls ~S, revealing the dural sac and extracapsular 
nerve root. Setting the Ls ~S; intervertebral space 
as the mark, locate the extracapsular S, nerve 
root and then open the dural sac to reveal the 
cauda equina. Locate the intracystic S, nerve root 
according to the extracapsular S;, and then locate 
the S,_, nerve roots one after another. Distinguish 
and separate the anterior and posterior roots 
according to their anatomical characteristics. 
Generally, the anterior root is located on the ven- 
tral side and is relatively thinner, while the poste- 
rior root is on the dorsal side and thicker. 
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Stimulating the S,4 anterior nerve roots in 
sequence with the Cantata 2000 electrical stimu- 
lation instrument at the same intensity (20 mV, 
30 Hz, 5-10 s), observe the shrinkage reaction of 
the bladder detrusor and urethral sphincter, iden- 
tify the most sensitive nerve root and cut it off. 

Application of a self-made pressure capsule in 
the operation can help to judge the vasomotor 
state of the urinary bladder detrusor muscle 
directly so as to further distinguish the sacral 
nerve innervation condition. At the same time, 
penetrate the receiving electrode of the Cantata 
2000 type electromyographic instrument directly 
into the anal sphincter to observe the reaction of 
the urethral sphincter; the urethral and anal 
sphincters are both innervated by the pudendal 
nerve. 


6.3.4 Discussion 

Highly selective sacral rhizotomy has a distinct 
clinical curative effect [16]. We think that, as a 
new surgical method, highly selective sacral 
anterior root rhizotomy not only avoids the draw- 
back of complete sacral rhizotomy, namely, that 
the spastic bladder turns into a flaccid bladder, 
but is also superior to the poor long-term out- 
come of selective posterior  rhizotomy. 
Meanwhile, the operation provides more com- 
plete protection of patients’ erectile function. 
This new surgical method has the following fea- 
tures: (1) treatment to the detrusor of bladder, 
urethral sphincter spasm has high selectivity and 
pertinency; (2) the method can effectively avoid 
damage to nerves governing the penis, thus pro- 
tecting the erectile function; (3) the operation is 
simple with little injury, and therefore easy to 
spread. 

Various urodynamic testing devices produced 
domestically and abroad have been developed to 
a very advanced level with automatic detection, 
recording and many other functions. However, 
most of these devices are voluminous, heavy and 
are immobile. Patients can be examined only in a 
fixed place. Since it is not easy for paraplegic 
patients to be moved, it is very difficult or even 
impossible to perform pressure examination on 
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them with the above devices. To solve this prob- 
lem, we designed and manufactured a simple 
three-lead urodynamic manometer, which has 
been applied satisfactorily to intraoperative and 
ward monitoring. 

The simple three-lead urodynamic manometer 
we designed may simultaneously measure the 
bladder, urethra and rectal pressure. An electro- 
myography test can also be conducted at the 
same time if necessary. Therefore, measurement 
of lower urinary tract function after spinal cord 
injury can be performed more comprehensively 
and systematically. Since the simple manometer 
is very small, it is easy to carry and its use is not 
limited by time and location. Therefore, at any 
time the device can carry out pressure test on 
paraplegic patients who are not easy to move, 
solving the problem that urodynamic testing can- 
not be systematically conducted on such patients 
in a timely manner. At the same time, the device 
is direct, precise and easy to operate during sur- 
gery. In addition, the device can be placed before 
a patient’s bed. The patient can directly observe 
pressure change, based on which he or she can 
consciously train his or her own detrusor systolic 
function, laying a good foundation for a self- 
disciplined bladder. Since the manometer is rela- 
tively simple in structure and easy to manufacture, 
it is also very suitable for basic-level hospitals. 
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Reconstruction of Bladder 
Innervation Below the Level 

of Spinal Cord Injury for Inducing 
Urination by Achilles Tendon-to- 
Bladder Reflex Contractions 


Haodong Lin, Hongbin Zhong, and Chunlin Hou 


7.1 Background 

Neuropathic bladder caused by spinal cord 
injury (SCI) has been a challenge for research- 
ers and clinicians for a long time. Most treat- 
ments focus on improving micturition, because 
there is no effective treatment for the spinal 
cord injury. The most common treatments for 
improving micturition are magnetic stimulation 
[1, 2], reconstruction of the detrusor with neu- 
romuscular flaps [3, 4], and selective excision of 
the sacral nerve root [5]. However, satisfactory 
outcomes have been reported only for a few of 
these methods. Currently, the sacral root elec- 
trostimulation technique developed by Brindley 
is the only known effective clinical treatment, 
but the results with this treatment are inconsis- 
tent. Recently, surgical reconstruction of bladder 
innervation has been undertaken in paraplegic 
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patients to upgrade their quality of life and to 
lower the mortality rate. 


7.2 Animal Experiment 


7.2.1 Introduction 

Previous studies on bladder function recon- 
struction employed the normal somatic reflex 
above the paraplegic level for reinnervation. 
For example, in 1991, Chuang et al. [6] estab- 
lished an intradural anastomosis from the spi- 
nal nerve ventral root above the SCI level to 
the sacral nerve ventral root below the SCI 
level in a rat model, and successfully repaired 
bladder dysfunction after low level SCIs. In 
1994, Xiao and Godec successfully established 
an artificial skin-CNS-bladder reflex pathway 
in a rat model of L5 paraplegia by creating an 
intradural anastomosis from the central end of 
the L4 spinal nerve ventral root to the periph- 
eral end of the bladder-governing L6 spinal 
nerve ventral root [7]. In both these studies, the 
normal somatic reflex above the paraplegic 
level was utilized to reconstruct bladder func- 
tion. However, we think that it would be more 
feasible to adopt the patellar or Achilles ten- 
don reflexes below the paraplegic level in the 
case of SCIs sustained above the medullary 
cone, since the lower central circuit remains 
intact in such injuries. To test this hypothesis, 
we performed a series of experiments on the 
patellar tendon-bladder reflex arc. 
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7.2.2 Materials and Methods 


7.2.2.1 Animals and Procedure 

The sample consisted of 6 beagle dogs (weight, 
10—12 kg). Dogs 1—4 were observed for 6-month 
short-term postoperative outcomes, and dogs 5 
and 6 were examined for 18-month long-term 
postoperative outcomes. Initially, all dogs were 
anesthetized intravenously with 3 % sodium pen- 
tobarbital (25 mg/kg). The knee-tendon reflex 
center of the dog was located in the area from the 
L4 to L6 spinal segment, and the spinal nerve 
center governing the bladder was located along 
the S1 to S3 segment; a posterior median incision 
was then made from L3 to S2. The right and left 
laminas were removed, and the dura was incised 
to expose the cauda equina. The nerve root was 
localized by manual observation, and their loca- 
tion was confirmed by electrostimulation. Two 
anterior motor roots, the right S2 and the right 
L5, were cut off at the same level. Then, the anas- 
tomosis of the distal end of the right S2 anterior 
motor root and the proximal end of the right L5 
anterior motor root were employed by utilising 
11-0 monofilament nylon under a 10-power 
microscope. The right L5 posterior sensory root 
remained intact (Fig. 7.1). Finally, the anastomo- 
sis was labeled with a silk thread, in order to pro- 
tect the nerve root at the time of postoperative 
examinations, and absorbable sutures were used 
to stitch up the internal wounds. The intact left S2 
root was deployed as the normal control. 


7.2.2.2 Electrophysiologic 
Examination 

The dogs were examined under anesthesia at 
the set postoperative times (6 months and 18 
months). In the case of dogs 1—4, the skin was 
incised along the original incision. The scar 
outside the dura was stripped off. The dura was 
incised to separate the cauda equina carefully. 
The anastomosis was identified by means of the 
silk thread that was used as a label. For the exper- 
imental measurements, the recording electrode 
was inserted at the distal end of the anastomosis 
in the right S2 anterior motor root. Meanwhile, 
the stimulation electrode was inserted at the 
right LS posterior sensory root. Both electrodes 
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were connected to the EDJ-V Biosignal system 
(Shanghai Teaching Equipment Co., Shanghai, 
China), and unidirectional rectangular pulses of 
115 mV were delivered for 1.0 ms. Then, action 
potential (AP) curves were recorded. For the con- 
trol measurements, the recording electrode and 
the stimulation electrode were placed at the left 
S2 anterior motor root and the left S2 posterior 
sensory root respectively. The stimulation param- 
eters were the same as those for the experimental 
measurements. 

In the case of dogs 5 and 6, a median incision 
was made in the lower abdomen. For experimen- 
tal measurements, the electrodes were inserted 
into the upper anterior wall of the bladder detrusor 
muscle, in order to stimulate the right L5 posterior 
sensory root, the right femoral nerve, and the 
afferent nerve of the knee-tendon reflex. The elec- 
trodes were connected to the Cantata 2000 mus- 
cular electrograph (Dantec Medical, Copenhagen, 
Denmark), and pulses of 3.8 mA were delivered at 
1.0 Hz. Electromyograms (EMGs) of the detrusor 
muscle were recorded. For control measurements, 
the left S2 posterior sensory root was stimulated 
with the same parameters as those for the experi- 
mental measurements. 

In both groups of dogs, paraplegia was induced 
by transecting the spinal cord acutely at the T10 
canal level. Observations were carried out 48 h 
after paraplegia. 


7.2.2.3 Measurement of Intravesical 
Pressure 

As mentioned before, 48 h after the paraplegia 
model was induced, the dogs were observed 
under anesthesia. A median incision was made in 
the lower abdomen to unveil the bladder cervix 
and posterior urethra after anesthesia. A 12-F uri- 
nary catheter was inserted into the bladder 
through a small incision on the posterior urethra, 
after which the incision was sutured. The urinary 
catheter was then linked to a self-designed uro- 
dynamic 3-lead simplified pressure machine [8]. 
Through the fluid inlet, it was approximately 
150 mL of normal saline injected into the blad- 
der. In order to facilitate observing the results, the 
water column of the pressure test tube was main- 
tained in the baseline of 10-cm. The fluid inlet 
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Fig.7.1 Illustration of the 
tendon-spinal cord-bladder 
artificial reflex arc in canines 
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was turned off. After this, the cauda equina was 
exposed via the original median approach to look 
for the previous anastomosis of two anterior 
motor roots (i.e. the right LS and S2) in all dog 
samples. In the cases of Dogs 5 and 6, a right 
femoral anterior lateral incision was conducted to 
expose the femoral nerve acted as the afferent 
nerve of the knee-tendon reflex. 

A series of stimulation currents of 1,000 mV at 
10 Hz were delivered for 2 s from an EJD-V 
Biosignal system, in order to stimulate the proximal 


end of the right LS anterior motor root anastomosis, 
right L5 posterior sensory root, left S2 anterior 
motor root, left L5 posterior sensory root, and right 
femoral nerve. A medical percussion hammer was 
used to percuss the right knee tendon and the left 
knee tendon for 10 s at a frequency of 2 times per 
second. Increase in bladder pressure (cm H,O) and 
duration of urination (T) were recorded. The left S2 
anterior motor root served as the normal control, 
while the left L5 posterior sensory root and left knee 
tendon were utilized as negative controls. 
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7.2.2.4 Neurohistologic Observations 

A nerve specimen was derived from the region 
0.5 cm proximal and 1.0 cm distal to the anasto- 
mosis, and it was stained with HE in order to 
count the number of fibers containing medullary 
nerves with the Leica FW4000 Image Analysis 
System (Leica, Solms, Germany). The passing 
rate of myelinic nerve fibers was determined by 
dividing the number of fibers at the distal end 
with that at the proximal end. 

Data were analyzed using SPSS12.0 and 
expressed as mean + SD. The Student’s t-test was 
used to analyze data. P<0.05 was considered to 
indicate statistical significance. 


7.2.3 Results 


7.2.3.1 Electrophysiologic 
Examination 

The same current was released to stimulate L5 
posterior sensory nerve root before paraplegia, 
which was repeated 48 h after complete paraple- 
gia at the T10 canal level. In all 6 dogs, AP curves 
were found in S2 anterior motor root distal to the 
anastomosis. The morphology and amplitude of 
these curves were similar to those of the control 
side (Fig. 7.2). After the 48 h of complete para- 
plegia at the T10 canal level, EMG of the detrusor 
muscle was found in both the right LS posterior 
sensory root and right femoral nerve. They shared 
similarity in both morphology and amplitude 
with those of the left S2 posterior sensory root of 
the control, whereas stimulation of the left L5 
posterior sensory root failed to trigger an EMG 
response of the detrusor muscle (Fig. 7.3). 


7.2.3.2 Intravesical Pressure 
Measurement 

In dogs 1-4, mean bladder contraction and mean 
duration of the urination were 59 %+23 % and 
83 % +31 % that of the control group; mean blad- 
der contraction and mean duration induced by 
percussion of the right knee tendon were 
38 %+27 % and 51 %+37 % that of the control 
group respectively. In dogs 5 and 6, mean bladder 
contraction and mean duration were 84 %+5 % 
and 88 %+6 % that of the control group; the 
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Fig. 7.2 AP curves of dogs 5 (left) and 6 (right), which 
were obtained by stimulation at the left S2 anterior motor 
root and recording at the left S2 posterior sensory root (a). 
The right L5 posterior sensory root was stimulated before 
(b) and 48 h after complete paraplegia (c), with the nerve 
recordings taken at the distal ends of the anastomosis 


values obtained on percussion of the right knee 
tendon were 62 %+5 % and 84 %+12 % that of 
the control group. Thus, compared with the 
6-month group, the 18-month group experienced 
a significant increase in bladder pressure 
(P<0.05). Moreover, the duration of urination 
was also significantly longer in the 18-month 
group (P<0.05). However, no significant differ- 
ent in duration between the groups was observed 
with percussion of the right knee tendon (P>0.05). 


7.2.3.3 Neurohistologic Observations 

HE staining unveiled that numerous nerve fiber 
growths passed through the anastomoses on the 
experimental side. The longitudinal section had 
regenerated nerve fibers that were well arranged 
and grew in the same direction. The cross-sectional 
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Fig. 7.3 EMGs of the detrusor muscle of dogs 5 (left) 
and 6 (right), which were obtained by stimulation at the 
left S2 posterior sensory root (a), right L5 posterior sen- 
sory root (b), and right femoral nerve (c), which was the 
afferent nerve of the knee-tendon reflex 


view showed regenerated nerve fibers that pre- 
sented with a typical myelinated nerve fiber struc- 
ture (1.e., myelin sheath at the periphery and nerve 
axon in the center). The figures for nerve fibers 
distal and proximal to the anastomosis on the 
experimental side were 574+261 and 988+ 124 
respectively. The passing rate of myelinated nerve 
fibers was in the range of 58.1 % + 13.4 %. By con- 
trast, the figure for fibers of the left S2 anterior root 
was around 867 +349. The difference between the 
two sides was statistically significant (P<0.05). 


7.2.4 Discussion 
The purpose of this study was to explore the 


potential effects of creating a new knee tendon- 
bladder reflex arc below the paraplegic level in 


dogs that had sustained SCI above the medullary 
cone. A combination of electrophysiological and 
neurohistological methods were used to study the 
new reflex arc established. Specifically, electrical 
stimulation in the six dogs showed that the new 
reflex arc was able to induce bladder contraction; 
in two dogs however, bladder contraction was 
also induced by percussion of the knee-tendon. 
This can be attributed to poor quality of the anas- 
tomosis without enough axons passing through 
the stoma in a timely fashion. It may have also 
resulted from mismatch of the nerve fibers. 

We found that bladder contraction in the 18th 
month was significantly stronger than that in the 
6th month after surgery; this indicated that long- 
term axon regeneration, reinstitution of the bladder 
nerve, and recovery of bladder function were better 
than those in the early stages after the operation. 

Our neurohistologic results showed that 
numerous nerve fiber growths passed through the 
anastomosis at the experimental sides. This also 
indicated that the autonomic nerve fibers of S2 
can be reinnervated by the somatic nerve fibers of 
L5. Therefore, reconstructed bladder reinnerva- 
tion below the level of SCI could facilitate urina- 
tion via the knee tendon. Moreover, the motor 
impulses of the somatic reflex caused by percus- 
sion of the knee tendon were transmitted to the 
bladder through the motor efferent branch, lead- 
ing to spontaneous contraction of the bladder. 

Our anastomosis site differs markedly from 
those reported by Xiao and Godec [7] and Chuang 
et al. [6], who used the normal somatic reflex 
above the injury level for reinnervation of the 
bladder. We used a healthy tendon reflex below 
the injury level to reconstruct an artificial bladder 
reflex. We believe that this new approach provides 
theoretical references for clinical applications. 


7.3 Clinical Application 


7.3.1 Introduction 

Patients with complete SCI above the conus 
medullaris (spinal micturition center) are prone to 
spastic bladder. These patients present with pro- 
gressive urological dysfunction characterized by 
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involuntary bladder contractions, reduced volume 
capacities, leakage around the urethral catheters, 
recurrent infections, vesicoureteral reflux, and 
hydronephrosis, which lead to atrophy of the kid- 
ney, uremia, and eventually death. The cauda 
equina sacral nerve root approach is the main neu- 
rological procedure used to reconstruct bladder 
function. Animal experiments have demonstrated 
the possibility of using somatic reflexes to recon- 
struct bladder function and control urination [9— 
12]. Based on the somatic nerve—autonomic nerve 
artificial bladder reflex arc reported by Xiao and 
colleagues [9, 13], we used an existing healthy 
somatic reflex and constructed a patellar tendon— 
spinal cord—bladder artificial reflex arc via nerve 
anastomosis in dogs. In this arc, motor impulses 
of the somatic reflex produced by percussion of 
the patellar tendon are transmitted to the bladder 
via the motor efferent branch, inducing spontane- 
ous contraction of the bladder [14]. The results of 
electrophysiological studies, vesicular pressure 
measurement, and HRP tracing indicated that this 
new reflex pathway was successful and effective. 
The somatic motor nerve fibers of the L-5 ventral 
root can grow into the myelin sheath of the para- 
sympathetic nerve fibers of the S-2 ventral root 
through the anastomosis, creating a new non- 
physiological nerve connection with the target 
organ, the detrusor urinae. These findings pro- 
vided theoretical references for clinical use of the 
approach. Based on the results of these preclinical 
experiments, we attempted to reconstruct bladder 
innervation below the level of SCI in order to 
induce urination by Achilles tendon—bladder 
reflex contractions in paraplegic patients. 


7.3.2 Indications 

Patients who presented with complete suprasa- 
cral SCI with neurogenic bladder and had stable 
neurological injury and no contraindications for 
general anesthesia or surgery. 


7.3.3 Surgical Technique 


General endotracheal anesthesia was induced in 
the patients. Then, a 3-channel Foley catheter 
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was introduced into the bladder, with one channel 
connected to a drainage bag, the second con- 
nected to a pressure transducer leading to an uro- 
dynamic unit, A standard laminectomy from L-5 
to S-3 was performed with the patient lying in the 
prone position. The dura mater was cut open via 
a paramedian incision, and the dorsal and ventral 
roots of the S1—4 nerves were exposed. The S-1 
nerve root was located by using the L5/S1 inter- 
vertebral space as a marker; the S2-4 nerve roots 
were located in descending order. The ventral 
and dorsal roots at the dural incision were identi- 
fied based on their anatomical characteristics: the 
smaller and darker medioanterior rootlet (usually 
single) was the ventral component, whereas the 
larger and paler lateroposterior rootlet (usually 
double) was the dorsal component. 

The ventral roots of S-1, S-2, and S-3 were 
identified, separated from their respective dorsal 
roots by microdissection, and tested by electro- 
stimulation to confirm their locations. 
Electrostimulation of the S-2 and S-3 ventral 
roots should induce bladder contraction and an 
increase in intravesical pressure. The nerve root 
whose intravesical pressure increased the fastest 
and was the highest was regarded as the domi- 
nant root governing the bladder. The unilateral 
S-1 ventral root and the dominant root at the 
same level were microsurgically cut and anasto- 
mosed with 9-0 sutures (Fig. 7.4). In the study 
group, anastomosis of the S-1 ventral root and 
both the S-2 and S-3 ventral roots was performed 
in the patients to form an Achilles tendon-spinal 
cord-bladder reflex arc. The wound was sutured 
in three layers, along with placement of an exter- 
nal drain. After surgery, broad-spectrum antibiot- 
ics were given for 3 days. All patients were 
moved to rehabilitation clinics 2 weeks after 
surgery. 


7.3.4 Case Report 


A 36-year-old man was referred to our hospital 
for evaluation and treatment of neurogenic blad- 
der with complete suprasacral SCI in June 2004. 
He had fallen from an elevated height, which 
resulted in a compression fracture of the T7 
vertebra and consequently complete paraplegia. 
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Fig.7.4 Intraoperative photographs showing the surgical 
procedure for reconstruction of the bladder reflex path- 
way in a 20-year-old man. (a) Standard laminectomies 
from L5 to S3 were performed with the patient lying in 
the prone position. The dura mater was opened up through 


The patient carried condom-like urine bags, into 
which urine drained at 20—60-min intervals dur- 
ing the day. Urine output each time was small 
(20-120 ml), and urination was frequent (10-15 
times/day). As expected, the patient developed 
a serious urinary infection, for which antibi- 
otic therapy was started. Physical examination 
showed that he had lost the ability to move his 
lower extremities; moreover, investigation of the 
hyperactive patellar reflex showed paralysis with 
spasms. Positive findings were obtained for ankle 
clonus and the Babinski sign. Anal and bulbos- 
pongiosus reflexes were elicited in the patient, 
which suggested that medullary cone function 
was good. Preoperative urodynamic exami- 
nation suggested detrusor external sphincter 


a paramedian incision, exposing the dorsal and ventral 
roots of the S1, S2, S3, and S4 nerves. (b) The ventral 
roots of S1, S2, and S3 were identified and separated from 
their respective dorsal roots by microdissection. (€) The 
S1 and S2/3 ventral roots were anastomosed 


dyssynergia. Surgical reconstruction of the blad- 
der reflex pathway was scheduled and performed 
4 months after the injury. The unilateral S-1 ven- 
tral root and the S-2 and S-3 ventral roots were 
microsurgically cut and anastomosed with 9—0 
sutures (Fig. 7.5). 

The patient was followed up for 6 years. The 
reflex arc was constructed 10 months after the 
operation. The patient experienced recovery of 
bladder storage and voiding functions, with no 
nocturnal urinary incontinence. The Achilles ten- 
don-spinal cord-bladder reflex (percussion of 
the Achilles tendon) became functional ~12 
months after the operation. The patient voided 
approximately 5-10 s after the beginning of 
Achilles tendon stimulation. Urodynamic and 
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Fig. 7.5 Urine pressure and flow diagrams showing the 
results of urodynamic tests. (a) Preoperative findings 
showing strong involuntary detrusor contractions, ele- 
vated Pdet, and increased electrical activity on the EMG, 


EMG studies of the external urethral sphincter 
documented the changes in bladder activity, from 
hyperreflexia associated with detrusor external 
sphincter dyssynergia to almost normal findings. 
Any dysfunction identified preoperatively by 
EMG was found to have been corrected after the 
operation. On comparison of the patients’ pre- 
and postoperative urodynamics, we found signifi- 
cant improvement in bladder function at the 12th 
postoperative month. The average bladder capac- 
ity increased from 243 to 356 ml, residual urine 
volume decreased from 208 to 35 ml, maximum 
Pdet decreased from 84.2 to 67.0 cm H,0, and 
maximum flow increased from 3.4 to 21.6 ml/s. 
The incidence of urinary tract infections gradually 


G ul 


H. Lin et al. 


1) 
5 


BE 
ira 


Wi 


ms] 


= gap nd: 
= 
= 


: eg PT 


C,Vo 
1000 


MT 
which were consistent with DESD. (b) The findings at 12 
months showing generally normalized bladder storage 


and emptying function. Satisfactory voiding without 
DESD was initiated by percussion of the Achilles tendon 


decreased after the 6th month and disappeared as 
voiding function recovered. 


7.3.5 Discussion 


On the basis of our preclinical experiments in 
dogs, we were able to successfully reconstruct 
bladder innervation below the level of SCI and 
induce urination by Achilles tendon-bladder 
reflex contractions in 12 paraplegic patients. In 
our method, the S-1 was anastomosed with the 
S-2 and/or S-3 ventral root to reconstruct the 
bladder reflex arc. This approach resulted in 
enlarged bladder volume, increased urine output, 
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decreased urinary incontinence, and improved 
bladder function [15]. In the early postoperative 
period, the artificial bladder reflex arc was not yet 
established. Severing the dominant sacral nerve 
root governing the organ helped correct spas- 
modic bladder. With the regeneration of nerve 
roots and reconstruction of the artificial reflex arc 
in the later stage of the procedure, reinnervation 
was completed. Furthermore, the Achilles tendon 
reflex was established as a new trigger point for 
inducing bladder voiding. The results of our 
study are similar to the report by Xiao et al. [13] 
where 15 patients with spasmodic bladder under- 
went microanastomosis of the proximal end of 
the L-5 ventral root with the distal end of the S2/3 
ventral root in the dural cyst for reconstruction of 
urinary function through the skin-CNS-bladder 
reflex arc. Of the 15 patients, 10 (67 %) achieved 
controlled urination. The difference between this 
study and ours is that we used the Achilles ten- 
don (S-1) close to the dominant nerve root (S-2 
or S-3) instead of the L-5 ventral root. Because 
the distance is shorter, nerve function can recover 
in the early stage of the procedure. 

The Achilles tendon-spinal cord—bladder reflex 
arc has the following advantages. Compared with 
the previous approaches, urine storage is improved 
by breaking off of the dominant nerve root govern- 
ing the bladder. Moreover, it was possible to 
achieve stress-free nerve anastomosis without 
nerve transplantation because the L5 nerve root 
overlapped the S2 nerve root in the cauda equina. 
Additionally, this method is superior to the tradi- 
tional ones with regard to the nerve regeneration 
time, which is shorter because the anastomotic 
stoma is relatively narrow. Furthermore, the nerves 
below the injury level that were dysfunctional are 
used to reconstruct voiding with no further func- 
tional loss of the lower limbs. Although the unilat- 
eral sacral anterior nerve root is severed, another 
lateral anterior nerve root, the posterior nerve root, 
and sacral cord are still intact. Thus, bowel and 
sexual functions are not affected. Finally, anasto- 
mosis of simple motor nerves avoids mismatching 
of axons, so nerve function recovers smoothly. 
Further studies are required to explore the mecha- 
nisms underlying the interactions between the 
somatic and autonomic motor nerves. 


However, this approach still has some disad- 
vantages. Compared with indwelling catheteriza- 
tion and Crede’/Valsalva maneuvers, it is more 
invasive and therefore carries a higher risk of 
skin breakdown. Another obvious deficit of this 
approach is that the constructed artificial reflex 
pathway is only a new trigger of urination rather 
than a complete reflex arc. Thus, patients may 
still lack sensation of urination even after recon- 
struction of the reflex arc. To some extent, they 
are unable to void in a timely and flexible man- 
ner, which may affect their quality of life. In 
addition, because the bladder innervation is 
reconstructed with the tendon reflex, stretching 
the knee or ankle joint while standing could 
potentially produce reflex urination. 

Thus, while this method is more advantageous 
than currently used techniques in many ways, 
there are still some drawbacks that need to be 
overcome. 
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Reconstruction of Bladder 
Innervation Above the Level 

of Spinal Cord Injury for Inducing 
Urination by Abdomen-to-Bladder 
Reflex Contractions 


Haodong Lin, Jinwu Wang, Guibin Zhong, 


and Chunlin Hou 


8.1 Background 
Spinal-cord injuries (SCIs) can seriously damage 
somatic motion and sensation. However, they can 
also cause visceral neurogenic dysfunctions, 
among which compromised micturition, com- 
promised defecation, and disturbances when 
engaging in coitus are the most common prob- 
lems. The hyper-reflexic spastic bladder is 
believed to be a more significant dysfunction 
because the high intravesical pressure in the 
bladder can result in damage to the bladder— 
ureter countercurrent multiplier system and the 
kidneys; these major complications can cause 
death in SCI patients [1]. 

Restoration of normal micturition function in 
SCI patients using reconstructive surgery remains a 
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challenge. Conventional treatments included inter- 
mittent catheterization, external sphincterotomy, 
and continent diversion [2, 3], but the results were 
not reliable. In the 1980s, Brindley et al. introduced 
electrical stimulators for sacral anterior roots for 
bladder control in paraplegic patients [4], but this 
procedure was not widely used because of mechan- 
ical malfunction and poor long-term results. 

In 1999, Xiao et al. established an artifi- 
cial skin-central nervous system (CNS)-blad- 
der reflex pathway in a cat model by intradual 
micro-anastomosis of the left L7 ventral root 
to SI ventral root. They demonstrated that this 
procedure could conduct cutaneous afferent sig- 
nals to trigger a new micturition reflex arc [5]. 
The preliminary results of clinical application 
were satisfactory. This procedure may provide a 
novel method for controlling bladder function in 
patients with SCIs and hyper-reflexic bladder, but 
further investigations are needed. 


8.2 Animal Experiments 


8.2.1 Introduction 

The neurogenic bladder dysfunction caused by 
SCI has hitherto been difficult to treat. To find a 
solution to this problem would surely improve 
the quality of life (QoL) of paraplegic patients 
and reduce the risk of death. Hou et al. [6-8] 
based on their experimental study on reconstruc- 
tion of the Achilles tendon-spinal cord-bladder 
reflex arc by anastomosis of the S1 and S2 ventral 
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roots, applied this method above the level of the 
thoracic spine to the spastic bladder caused by 
SCI and the results were promising. With respect 
to the frequently occurring atonic bladder due to 
injury to the conus medullaris caused by thoraco- 
lumbar fractures, such artificial reflex arcs were 
difficult to rebuild. 

We wanted to establish an abdominal reflex— 
spinal cord-central bladder pathway through 
anastomosis of a healthy ventral root above the 
injury level and the S2 ventral root with an autol- 
ogous nerve graft to induce regular micturition. 
To test this hypothesis, we designed a bladder 
reflex arc in Sprague-Dawley rats. 


8.2.2 Materials and Methods 


8.2.2.1 Animals 

Twenty male Sprague-Dawley rats (250-300 g) 
were provided by the Experimental Animal 
Centre of Fudan University (Shanghai, China). 
Rats were evenly divided into five groups (A-E 
groups). In each rat, the right side was the experi- 
mental side and the left was the control side. 


8.2.2.2 Instrumentation 

The SMUPPC Biological Signal Processing sys- 
tem (developed by the Physiology Department of 
Fudan University and Shanghai Jiaoyi Factory 
(Shanghai, China)), a silver bipolar hook, a stim- 
ulating electrode, a recording electrode, and an 
intravesical pressure monitor connected to the 
pressure transducer of the SMUPPC system were 
used. By using MF software Version 3.00 which 
is provided from the Physiology Department of 
Fudan University, all the experimental data 
would be collected and processed with a high- 
performance workstation. 


8.2.2.3 Establishment of Artificial 
Bladder Reflex Arc 

The rat’s lower abdominal reflex center lies within 
the spinal segments of T12-T13. Among all the 
relevant nerves, the S2 spinal nerve innervates the 
bladder with highest potency. Firstly, we anesthe- 
tized rats with pentobarbital sodium (concentra- 
tion: 2 %, 45 mg/kg, i.p.). Then, the rats were 
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fastened on the operating table in supine position. 
In a full sterile environment, the posterior midline 
incision ranging from T11 to S4 was operated on 
the back for exposing the vertebrae. The 13th ribs 
are the most caudal pair ("floating ribs”) and the 
T13 intercostal nerve is found beneath them. 
Through tracing to the origin of intercostal nerve, 
we found the spinal nerve, ventral and dorsal 
roots of T 13. There are four pairs of sacral nerves, 
among which the S2 spinal nerve is characterized 
by locating its origin in the L6 spinal nerve near 
the lumbosacral articulation. In order to expose 
the dura mater, a right hemilaminectomy was car- 
ried out between Tl1 and S4, as well as the ven- 
tral and dorsal roots of T13 and S2. The ventral 
and dorsal roots of S2 were separated under a sur- 
gical microscope. The ventral root of S2 contains 
only one fasciculus without ganglion and is 
located on the ventral medial side of the spinal 
cord. The dorsal root consists of two fasciculi 
with a spindle-shaped ganglion which is close to 
the ventral inner side of the intervertebral foram- 
ina, and is located on the lateral side of the spinal 
cord. The S2 ventral root was transected close to 
the spinal cord, maintaining the integrity of dorsal 
root and cauda equina. After splitting the T13 
nerve root, the T13 dorsal root was shown to be 
attached the dorsal root ganglion. When plucking 
the adjacent dorsal root ganglion, the T13 ventral 
root was exposed. The T13 ventral root was tran- 
sected against the inner side of the dura mater, 
keeping T13 dorsal root and dorsal root ganglion 
intact. By using the surgical microscope, we 
tracked the T13 ventral root and dissected it along 
the edge until reaching the spinal cord. Under the 
surgical microscope which hasx10 magnifica- 
tion, the proximal end of the T13 ventral root was 
anastomosed to the distal end of the S2 ventral 
root with autologous nerve grafting of the cocy- 
geal nerve by using an 110 atraumatic needle 
and monofilament nylon sutures. All rats were 
raised for 8 months before continuing on the fol- 
lowing step of the experiment. 


8.2.2.4 Electrophysiological Test 

of Bladder Function 
Three groups A-C of rats (each group consists of 
fourrats) were anesthetized by using pentobarbital 
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sodium (concentration: 2 %, 45 mg/kg, i.p.). And 
then, they were fastened on the operating table 
in supine position. In a full sterile environment, 
a middle lower abdominal inverted “Y” incison 
was carried out under a surgical microscope for 
revealing the bilateral pelvic splanchnic nerves 
and its branch named bladder plexus. One side 
of silver bipolar wire hook electrode, working as 
recording electrode, was linked to the SMUPPC 
system. We let the electrode “hook” the bladder 
plexus, and instilled a drop of mineral oil. The 
other side of silver bipolar wire needle electrode 
was stitched into the bladder wall. A ground 
electrode was placed onto the abdominal mus- 
cles. Then, we put the rats in prone position and 
operated a midline cut along their back as so to 
expose the extradural scar, eliminate the residual 
lamina, and disclose the dural capsule. After 
separating the bilateral ventral and dorsal roots 
of the T13 and S2 nerves, we put the stimulat- 
ing electrodes onto the T13 bilateral intercostal 
nerves (the nerves were divided and the proxi- 
mal ends stimulated) as well as the left side of 
the dorsal root of S2. The action potential in the 
bladder plexus was recorded by the bipolar hook 
electrode connected to the bladder plexus bilat- 
erally. The single stimulating pulse had 3 mA 
amplitude and 0.3 ms duration. The compound 
muscle action potentials (CMAPs) of smooth 
muscle in the bladder were recorded through the 
bipolar needle electrode in the bladder wall; the 
stimulating pulse of 0.3 ms has 3 mA amplitude 
and 20 Hz frequency in 5 s period. The L5-S4 
spinal-cord segment was transected, the spinal 
nerves left intact, and the action potentials men- 
tioned above recorded again. 


8.2.2.5 Intravesical Pressure Test 

After carrying out a lower abdominal incision on 
rats of groups A-C for exposing their bladders, a 
catheter (diameter, 0.75 mm) was inserted into 
the bladder through an incision (diameter, 
0.7 mm) on the bladder wall with an immobilized 
stitch. The other end of the catheter was con- 
nected to a transducer through using a T-tube, 
and then measured by the SMUCPC system. 
Before the test, the bladder and catheter were 
filled with saline in order to conduct a pressure 


test by using a mercury manometer. The stimulat- 
ing electrodes were placed on the bilateral inter- 
costal nerves and the left side of the dorsal root of 
S2. Intravesical pressure curves were recorded by 
using a single stimulus of 3 mA in 0.3-ms pulses 
at 20 Hz for 5 s before and after transection of the 
L5-S4 spinal-cord segment. 


8.2.2.6 Neuropharmacological Tests 

After finishing above tests, atropine (0.05 mg/kg, 
i.m.), which had an effect to block the muscarinic 
receptor, was injected to the bladder wall of rats in 
group À; trimethaphan (5 mg/kg, i.m.), which 
blocks nicotinic receptor-1, was injected to the 
bladder wall of rats in group B; vecuronium bro- 
mide (4 mg/kg, i.m.), which blocks nicotinic recep- 
tor-2, was injected to the bladder wall of rats in 
group C. The intravesical pressure and CMAP were 
measured with the stimulation of the proximal end 
of the T13 intercostal nerve on the right side. 


8.2.2.7 Preparation of Samples 
for Microscopy 

The tissue from the anastomotic site of T13 and S2 
ventral root of group-D rats was excised, embed- 
ded in paraffin, sliced lengthwise along the tissue, 
and stained with hematoxylin and eosin (H&E) so 
as to observe axon regeneration at the suture site. 
A median lower abdominal incision was carried 
out for exposing the bladder and tissues at the 
bilateral connecting sites of the bladder plexus. 
The bladder smooth muscle was excised and fas- 
tened by glutaraldehyde (2.5 %) and osmic acid 
(1 %). Fixed tissues were dehydrated in an alcohol 
gradient, embedded by epoxy resin 618, and cut 
using an ultramicrotome. They were stained using 
uranyl acetate and lead citrate for observation 
under a transmission electron microscope. 


8.2.2.8 Retrograde Tracing Using 
Horseradish Peroxidase (HRP) 

In a full sterile environment, a median lower 
abdominal incision was carried out for exposing 
the bladders of rats of group E. HRP (5 pL; 30 %; 
RZ=6.9; Sigma-Aldrich, St Louis, IL, USA) 
was injected slowly by using a microsyringe into 
the bladder wall at three points, and the syringe 
remained there for 10-15 min. Under anesthesia 
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condition lasting 60 min, an incision was made 
on the chest to expose the heart. A syringe for 
irrigation was inserted into the left ventricle and 
ascending aorta. Physiological (0.9 %) saline (50— 
300 mL) was injected quickly to flush the vessels. 
After 5 min at room temperature, 0.1 % phosphate- 
buffered saline mixed with 1 % metaformaldehyde 
and 1.25 % glutaraldehyde (500 mL) was injected 
into the vessel: the first 250 mL was injected slowly 
and the last 250 mL quickly. Irrigation was com- 
plete in 30 min when a left hemilaminectomy was 
carried out to expose the spinal cord. Segments 
from T11 to L1 and from L4 to S4 were transected 
and enmeshed in the fixing fluid as mentioned 
above. In 4—6 h, these segments were dipped in 
a 0.2 mol/L phosphate buffer and saccharin fluid 
controlling the temperature at 4 °C. The next day, 
the tissues were frozen and cut into 40-um slices. 
Slides were enmeshed into 0.1 mol/L phosphate 
buffer for 24 h at 4 °C. 

According to the Mesulam tetramethyl benzi- 
dine reaction, tissues were mounted on gelatine 
slides, dehydrated with resin, and then observed 
for determining the distribution and quantity of 
HRP (+) cells. 


8.2.3 Results 


8.2.3.1 Changes in the Action Potential 
of the Bladder Plexus 

By applying the previous electrical stimulus to 
stimulate the proximal end of the T13 intercostal 
nerve, the action potential of the bladder plexus 
was recorded in double sides of the spinal cord 
transection. We found that the signal waveform 
was almost the same as record result when the 
control side of S2 ventral root was excited. 
However, the action potential was not detected 
when the same stimulus was applied to the con- 
trol side of T13 ventral root. 


8.2.3.2 Changes in the CMAP 

of Bladder Smooth Muscle 
When stimulating the proximal end of the T13 
intercostal nerve, we recorded the CMAP of 
bladder smooth muscle before and after paraple- 
gia due to the transection of L5—S4 spinal-cord 
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segment. The mean maximum amplitude reached 
81 % of that recorded when stimulating the con- 
trol side of S2 ventral root. The curve was the 
same as that of the control side. When the identi- 
cal stimulus was applied on the left side of T13 
ventral root, the CMAP of bladder smooth mus- 
cle was not induced. 


8.2.3.3 Testing of Intravesical Pressure 
The intravesical pressure gradually increased and 
attained maximum value in 1.5-2 s. The mean 
value of intravesical pressure caused by the artifi- 
cial reflex arc reached 76 % of that observed on 
the control side. The curve was the same as that 
recorded when stimulating on the control side of 
S2 ventral root. When the identical stimulus was 
applied on the left side of T13 ventral root, the 
record result indicated no change in intravesical 
pressure. 


8.2.3.4 Neural Pharmacological Test 

After atropine was injected in the bladder wall 
of group-A rats and trimethaphan was injected 
in the bladder wall of group-B rats, both the 
CMAP of bladder smooth muscle and intravesi- 
cal pressure were not changed when we stimu- 
lating the proximal end of the T13 intercostal 
nerve. After vecuronium bromide was injected 
in the bladder wall of group-C rats, the CMAP 
of bladder smooth muscle and intravesical pres- 
sure were changed. The results were the same 
as those recorded before injection. It was indi- 
cated that the new reflex arc could be blocked 
by a muscarinic receptor blocker (atropine) and 
nicotinic receptor-1 blocker (trimethaphan) but 
not a nicotinic receptor-2 blocker (vecuronium 
bromide). 


8.2.3.5 Axon regeneration at T13 
and S2 Suture Sites 

Through an optical microscope, we found out 
that the neural fibers of T13 ventral-root regener- 
ated into the suture site. That is, axons were 
arranged in an orderly manner, and neuromas or 
scar formation were not observed. A new capil- 
lary was found at the epineurium, but conspicu- 
ous proliferation of connective tissue in the 
stroma was not observed. 
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8.2.3.6 Ultramicrostructure of the Ends 
of Parasympathetic Nerve 
Fibers in the Bladder Wall 

Transmission electron microscopy demonstrated 
the terminals of parasympathetic nerve fibers 
without myelin sheath formed by Schwann’s cell 
in the bladder wall between smooth muscle cells 
(SMCs) and collagen. A differentiated structure 
similar to the structure of a motor endplate 
between SMCs and the ends of parasympathetic 
nerve fibers was not observed. Mitochondria as 
well as many clear synaptic vesicles and tubules 
of smooth endoplasmic reticulum were present in 
the axoplasm of the ends of parasympathetic 
nerve fibers. Compared with the structure and 
conformation of the ends of the parasympathetic 
nerve fibers on the control side, there was no con- 
spicuous difference, except that there were fewer 
mitochondria and synaptic vesicles on the experi- 
mental side. 


8.2.3.7 Conformation and Distribution 

of HRP(+)cells in the 

Lumbosacral Segment 
Optical microscopy revealed HRP(+) cells to 
be present in bilateral L6-S4 segments. They 
were distributed mainly in the intermediolateral 
nucleus zone, and cells appeared to have irregu- 
lar round or oval shapes. Cells contained abun- 
dant deep blue-gray or light blue-gray particles 
in the cytoplasm, and were prominent around the 
stained cells. 


8.2.3.8 Conformation and Distribution 

of HRP(+)cells in the T13 

Segment 
Optical microscopy revealed HRP(+) cells to 
be present in the ventral horn of the T13 seg- 
ment and were of different types: maxicells (a 
motor neuron) were in sight, but medium and 
tiny cells (a or y motor neuron) were seldom 
observed. Cells comprised plentiful blue-gray 
or light blue-gray particles in the cytoplasm 
and nucleoli. Positive particles could occasion- 
ally be found in the thin prominence around 
the stained cells. On the control side, HRP(+) 
cells were found in the ventral horn of T13 
segment. 


8.2.4 Discussion 


SCI can seriously damage the somatic motor and 
sensory abilities of individuals. Whereas, it has 
some features to keep the internal organs at or 
below the damaged level out of control from 
higher-level nerves (brain and/or spinal cord) and 
lead to neurogenic dysfunction. The typical dys- 
functions in such patients are those of micturi- 
tion, defecation and copulation, among which the 
spastic bladder with high tension and high reflec- 
tion of nervous impulses is the most dangerous 
symptom. High internal pressure of the bladder 
has a chance to result in bladder-ureter reflux and 
damage the kidney in a retrograde fashion, which 
is the principal cause of death for the late stage of 
SCI [9, 10]. In the USA, the annual mortality due 
to SCI is 32 per million population, the annual 
incidence is 906 per million population, and the 
injury level is above the conus medullaris in 85 % 
of cases [11]. Therefore, to discover a solution to 
this difficult problem, improve the QoL of SCI 
patients, and to lower the mortality appear to be 
extremely important tasks. 

Frequently used methods for SCI causing a 
neurogenic bladder include urethral catheteriza- 
tion, pharmacological agents, and urological sur- 
gery. These methods are associated with many 
complication and suboptimal clinical effects. 
Therefore, reinnervation of the bladder and lower 
urethral tract has become the focus of research. 

In 1976, Brindley et al. [12] utilized electric 
stimulation therapy of the sacral anterior root, 
and subsequently the patients recovered satisfac- 
tory micturition. In 1994, Xiao et al. [13] imple- 
mented an artificial crossover skin-CNS-bladder 
reflex pathway by intradural microanastomosis 
of the left L4 ventral root to the L6 ventral root in 
rats. This reflex pathway innervated the bladder 
and external urethral sphincter while leaving the 
L4 dorsal root intact as a trigger for micturition, 
and gained good results. 

We implemented an innovative artificial reflex 
arc “abdominal reflex-spinal cord—center blad- 
der” through stimulating the lower abdominal 
skin or the intercostal nerve. Motor impulses were 
transmitted through the revised efferent branch 
into the bladder so as to elicit autonomous 
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contractions. According to the results of neural 
electrophysiological tests and intravesical- 
pressure tests, this new reflex was verified to be 
effective. The results of our study were in accor- 
dance with others [13-15]. The neural pharmalog- 
ical test showed that the abdominal reflex-spinal 
cord—center bladder artificial reflex arc could be 
suppressed by muscarinic and nicotinic-1 receptor 
blockers, but not by nicotinic-2 receptor blockers. 
These findings suggested that acetylcholine was 
the neurotransmitter released from the nerve ends 
of the artificial reflex arc. The nicotinic-1 receptor 
is used for the ganglion in the bladder wall and the 
muscarinic receptor is used for the smooth-mus- 
cle layer of the bladder wall. Therefore, parasym- 
pathetic ganglion neurons as well as their efferent 
fibers belong to the innovative reflex arc. 

In conclusion, an artificial bladder reflex arc 
could be established through intradural nerve 
grafting and anastomosis of sacral ventral roots 
which applied an intact abdominal reflex beyond 
the height of paraplegia. This arc can realize 
autonomous micturition for most patients with 
lumbosacral injury, and provide a new treatment 
for SCIs caused by thoracolumbar fractures. 

Compared to conventional methods for the re- 
establishment of bladder micturition [16, 17], our 
method has five main advantages. Firstly, in a cer- 
tain sense, this abdominal reflex-spinal cord- 
center bladder artificial reflex arc is close to the 
normal micturition reflex. Therefore, such an arti- 
ficial reflex arc can produce synergic bladder con- 
traction and sphincter relaxation, and cause 
bladder voiding under physiological control. 
Secondly, choosing the lower abdominal reflex 
above the lumbosacral SCI level to reconstruct an 
artificial micturition reflex provides a new method 
to restore bladder function for patients with atonic 
bladder caused by SCI due to thoracolumbar frac- 
tures. Thirdly, this procedure does not involve 
electrode implantation or mechanical devices, 
which can damage nerve roots or cause other 
complications. Fourthly, this procedure does not 
require dorsal rhizotomy. Finally, residual sen- 
sory function was preserved, which is important 
for sexual activity and awareness of noxious stim- 
uli. Such reconstruction of an artificial bladder 
reflex arc needs autonomous nerve grafting. 
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Hence, the quality of the nerve anastomosis and 
time for axon regeneration into the smooth mus- 
cle layer of the bladder wall will influence the 
final outcome of this newly constituted reflex arc. 

We conclude that, using the surviving somatic 
reflex above the level of the SCI to reconstruct 
the bladder autonomous reflex arc by intradural 
micro-anastomosis of ventral roots with a seg- 
ment of autologous nerve grafting is practical in 
rats, and may have applications in humans. 


8.3 Clinical Applications 


8.3.1 Introduction 

In our previous experiments [18], we established 
a new skin-CNS-bladder reflex (abdominal 
reflex) pathway to restore controlled micturition 
in the atonic bladder. The new pathway was 
established in a rat model of SCI by intradural 
microanastomosis of the right T13 ventral root to 
the S2 ventral root with autogenous nerve graft- 
ing. After the new reflex pathway was reestab- 
lished, long-term function of the reflex arc was 
evaluated through the methods of electrophysiol- 
ogy, detrusor, electromyography, and urodynam- 
ics in postoperative 8 months. It is shown that the 
normal somatic reflex superior to the spinal 
injury level can be applied to establish a reflex 
pathway though spinal ventral root anastomosis 
between the T13 and S2 nerve roots. The somatic 
motor root reinnervate the bladder with a recon- 
structed efferent branch. The somatic motor 
impulses are transmitted to the bladder through 
the reconstructed efferent branch so as to induce 
contraction of the bladder detrusor. Relevant 
results were acquired in a canine model of SCI 
[19]. Based on the results of these preclinical 
experiments, we attempted bladder reinnervation 
in patients with conus medullaris injuries through 
functional suprasacral nerve transfer. 


8.3.2 Indications 


Patients who presented with complete conus 
medullaris injuries with atonia bladder, and who 
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had no contraindications for general anesthesia 
and surgery with stable neurological injury. 


8.3.3 Surgical Technique 


The surgical procedure was performed under 
general anesthesia. A 3-channel Foley catheter 
was introduced into the bladder, with one channel 
connected to a drainage bag, the second con- 
nected to a pressure transducer leading to an uro- 
dynamic unit. A standard laminectomy from L5 
to S3 was performed with the patient lying in the 
prone position. The dura was opened through a 
paramedian incision, exposing the dorsal and 
ventral roots of the S2 nerve. The ventral root of 
S2 was separated from the dorsal root by micro- 
dissection and tested by electrostimulation to 
confirm its location. Electrostimulation of the S2 
ventral root (VR) should induce bladder contrac- 
tion and an increase in intravesical pressure. 
After its location was confirmed, the S2 ventral 
root (VR) was transected. 

Subsequently, an additional standard laminec- 
tomy from T9 to T11 was performed. The T10 
spinal segment was identified by the entrance of 
the T10 roots. After the ventral root of T10 was 
identified using an operating microscope and 
found to be functional, it was transected. A sural 
cutaneous nerve about 30 cm in length was used 
as the nerve graft. One side of the nerve graft was 
anastomosed to the proximal stump of the T10 
VR using a 10-zero absorbable suture. The nerve 
graft was then transferred cutaneously to the 
other incision with a hollow tube and anasto- 
mosed to the S2 VR (Fig. 8.1). The wound was 
closed by suturing in three layers, with an exter- 
nal drain. After surgery, broad-spectrum antibiot- 
ics were given for 3 days. 

The patients were moved to rehabilitation 
clinics 2 weeks after surgery. Patient follow-up 
was scheduled 6, 12, 18, and 24 months after the 
operation. At these visits, urodynamic studies, 
including detection of maximum detrusor pres- 
sure, maximum flow, and sphincter resistance, 
were performed and questionnaires were com- 
pleted. From month 12 onwards, the patients 
were directed to scratch or gently squeeze the 


T10 dermatome when the bladder was full to ini- 
tiate voiding. When there was evidence of sig- 
nificant recovery of bladder function, renal 
function was re-evaluated. 


8.3.4 Case Report 


A 43-year-old woman was referred for evalua- 
tion and treatment of atonic bladder caused by a 
conus medullaris injury in July 2000. She had 
fallen from an elevated height, which resulted in 
a compression fracture of the L1 vertebra and 
subsequently complete paraplegia. The patient 
complained of urinary retention and anuria, 
which required insertion of an indwelling uri- 
nary catheter. As expected, a serious urinary 
infection had developed, for which antibiotic 
therapy was instituted. Surgical reconstruction 
of the bladder reflex pathway was scheduled and 
performed 4 months after the injury. At this time, 
the medial sural cutaneous nerve was cut and 
anastomosed with the T10 and S2 ventral roots 
(Fig. 8.2). 

After the reconstructive procedure, the 
indwelling urinary catheter was kept in place for 
1.5 years and caused multiple urinary system 
infections. At 2 years after the surgery, the patient 
experienced recovery of bladder storage and 
voiding functions. She could void by scratching 
her T10 dermatome. To date, this patient has been 
followed for 72 months and the urethral catheter 
has been removed. She has regained the sensa- 
tion of bladder fullness, can contract the abdomi- 
nal muscle, and is capable of complete urination 
without any difficulty. The total urinary output 
increased from 500 to 800 ml per day. According 
to the results of urodynamic analysis, the flow 
rate of patient’s maximal urine was 38 ml/s; uri- 
nary output, 596 ml/void; residual urine, 30 ml; 
vesical pressure, 145 cm H,O; abdominal pres- 
sure, 31 cm H,O; and detrusor pressure, 114 cm 
HO (Fig. 8.3). The detrusor had acquired the 
nerve reflex since the external sphincter was 
denervated. Hence, the recovery of urinary func- 
tion was mainly contributed to detrusor contrac- 
tion, instead of bladder compression through the 
abdominal muscles. 
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Fig.8.1 Creation of microsurgical anasto- 
moses between the T10 and S2 ventral roots 
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8.3.5 Discussion 


Based on our preclinical findings in the rodent 
model [18], we performed spinal ventral root 
anastomoses in ten paraplegic patients present- 
ing with traumatic lesions of the conus medul- 
laris. Seven of the patients recovered urinary 
function 2 years after undergoing the surgery 
of reflex pathway reconstruction [8]. The time 
course of the reestablished bladder reflex was 
positively correlated with the time course of 
axonal regeneration. The conclusions of the 
post-operative urodynamic study demonstrated 
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that the intravesical pressure rose dramatically, 
whereas the abdominal pressure had no promi- 
nent change. Hence, it concludes that the recov- 
ery of urinary function is mainly attributed to 
detrusor contraction instead of contraction of 
the bladder which is caused by the abdominal 
muscles. This summary shows that the effect 
of therapy was due to the activity in the newly 
reconstructed bladder pathway. That is, stimula- 
tion of the T11 dermatome generated an impulse 
that was transmitted to the bladder through the 
regenerated nerve axons, thereby stimulating 
contraction of the detrusor muscle. 
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Fig.8.2 Images of the surgical procedure used for recon- 
struction of the bladder reflex pathway in a 43-year-old 
woman. (a) Standard laminectomies from L5 to S3 and 
from T10 to T12 were performed with the patient lying in 
the prone position. (b) After the ventral root of T10 was 


identified and found to be functional, it was transected. (€) 
The dura was then closed, leaving the T10 ventral root 
outside. (d) A sural cutaneous nerve, about 30 cm in 
length, was taken for the nerve graft. (e) The T10 and S2 
ventral roots were then anastomosed through a nerve graft 


Fig. 8.3 Urine pressure and flow diagram from the uro- 
dynamic test. (a) Preoperative study showed that the 
detrusor had no reflection but the external sphincter was 
denervated. (b) Postoperative study showed that the 
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Reconstruction of Afferent 
and Efferent Nerve Pathways 
of the Atonic Bladder 


Haodong Lin and Chunlin Hou 


9.1 Background 

Restoration of normal micturition in SCI patients 
is a major goal in neuro-urology. The ideal ther- 
apy would be to achieve repair of the injured 
spinal cord, but this is not feasible at the pres- 
ent time. Thus, other procedures have been 
deployed, including intermittent catheterization, 
electrical stimulation of the sacral ventral roots, 
continence diversion and external sphincterot- 
omy [1—3]. Unfortunately, these approaches have 
hardly led to satisfactory outcomes in the major- 
ity of SCI cases. Recently, Xiao et al. reported 
a series of experimental and clinical studies 
attempting to establish a “skin-central nervous 
system (CNS)-bladder” reflex pathway to trigger 
bladder contraction [4-6]. However, this tech- 
nique was useful only in the cases of spastic blad- 
der incurred by supraconal injuries. Clinically, 
fracture-dislocation of the spinal column was 
most commonly witnessed in the thoracolum- 
bar region (T12/L1), This is more likely to result 
in damage to the spinal cone and bladder cen- 
ter, triggering hypotonia and decreased bladder 
contractile strength. This study was performed 
in an attempt to demonstrate that restoration of 
autonomic micturition in the atonic bladder by 
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re-establishment of afferent and efferent nerve 
pathways is achievable. 


9.2 Animal Experiments 


9.2.1 Introduction 

The bypass of a spinal cord lesion using a supra- 
sacral nerve transfer has been demonstrated in 
both animal and human studies [7-11]. Although 
not all results have been positive, some have 
been encouraging [12]. After a careful review of 
previous work in which bladder reinnervation 
has been attempted, as well as a consideration of 
the neuroanatomic characteristics of the spinal 
nerves, we aimed to reconstruct both the afferent 
and efferent nerve pathways of the atonic bladder 
using nerve transfer techniques. 


9.2.2 Material and Methods 


9.2.2.1 Animal Preparation 
and Surgical Procedure 

A total of 30 male Sprague-Dawley rats were 
used in this experiment. The animals were housed 
three per cage with a 12 h light/dark cycle, and 
were fed rat chow and water ad libitum. A left- 
sided lateral hemilaminectomy was performed 
under sterile technique to expose the dorsal root 
ganglia from L4 to S3. The left-side L5 ventral 
root (VR) was cut distally before it emerged from 
the dura mater, while the S2 VR was cut more 
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Fig.9.1 Illustration of relevant 
neuro-urological relationships 
for the pure motor-to-motor and 
pure sensory-to-sensory nerve 
reconstruction procedure 
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proximally to enable the direct coaptation of the 
nerve root ends using two sutures with 12-0 
absorbable material. The postganglionic LS spi- 
nal nerve was then cut as distally as possible. The 
S2 spinal nerve was identified and cut at a point 
that was immediately distal to the ganglion but 
proximal to the confluence of the dorsal and ven- 
tral roots. A nerve graft (approx. 1.0 cm in length, 
harvested from the coccygeal nerve) was used to 
coapt the distance between the proximal stump of 
the L5 spinal nerve and the distal stump of the S2 
sensory root. The roots on the right side was 


preserved intact and served as an internal control 
(Fig. 9.1). The dura was then closed with 11-0 
nylon sutures, and the wound was closed in lay- 
ers. Surviving rats were evaluated after an 
8-month period. 


9.2.2.2 Measurement of Internal 

Bladder Pressure 
After a vertical lower abdominal incision was 
performed and the bladder was exposed, a 1.0- 
mm incision was made in the bladder wall and a 
0.75-mm diameter catheter was inserted. Then, 
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a pressure monitoring probe was put into the 
bladder to measure the internal vesicular pres- 
sure. The pressure monitoring probe was linked 
to a pressure transducer that sent the pressure 
signal to a SMUP-E biological signal process- 
ing system (BSPS; Department of Physiology 
and Pathophysiology, School of Medicine, Fudan 
University, Shanghai, China). The stimulating 
electrodes were put on the S2 dorsal roots (DRs) 
bilaterally. The intravesicular pressure curves 
were recorded before and after the L6-S4 spinal 
cord segments were transected via the SMUC-E 
biological signal processing system. The stimu- 
lus intensity was 3 mA, with a pulse width of 0. 
3 ms, a frequency of 20 Hz and a duration of 5 s. 


9.2.2.3 Electrophysiological Studies 

The bladder and bladder nerve plexus of each rat 
were exposed through a vertical incision on the 
lower abdominal wall. Then, a silver bipolar 
electrode was hooked onto the bladder nerve 
plexus, and a further silver bipolar electrode was 
sutured onto the bladder wall using 6-0 nylon 
suture material. After that, the rat was placed in 
the prone position. The VR and DR anastomoses 
of the L5 and the S2 nerves were carefully dis- 
sected from surrounding scar tissue via the origi- 
nal incision and exposed with the assistance of an 
operating microscope. The stimulating electrodes 
were placed on the S2 DRs bilaterally. Bladder 
plexus action potentials were recorded via the 
bipolar hook electrode that was connected to the 
bladder plexus. An extra ground electrode was 
fixed to the abdominal musculature of the rat. 
The resulting action potentials in the bladder 
nerve plexus were examined using a stimulation 
intensity of 3 mA and a stimulation period of 
0.3 ms. Compound muscle action potentials of 
bladder smooth muscle were recorded with a 
stimulation intensity of 3 mA, a pulse width of 0. 


3 ms, a frequency of 20 Hz and a duration of 5 s. 
The L6-S4 spinal cord segment was then surgi- 
cally transected, leaving the spinal nerves intact, 
and repeated recordings were made of the action 
potentials described above. 

All signals were digitalized and analyzed 
using MFLab software Version 3.01 (Department 
of Physiology and Pathophysiology, School of 
Medicine, Fudan University). 


9.2.2.4 Histological Examination 

All rats were sacrificed after the electrophysi- 
ological studies were completed. Specimens that 
included the proximal and distal stumps of nerve 
repair sites were harvested and prepared for his- 
tological examination. The nerves were fixed 
overnight in a solution of phosphate-buffered 
2.5 % glutaraldehyde, after which samples were 
serially dehydrated with gradient alcohols and 
embedded in Spurr’s resin. Two 2-mm long seg- 
ments were obtained I mm proximal and I mm 
distal from the nerve graft repair site and were 
sectioned. Transverse sections that were 1-uM 
thick were obtained and stained with 1 % tolu- 
idine blue. One section from every three cuts was 
stained. A total of five sections from the proximal 
segment and five sections from the distal segment 
of each nerve were analyzed for the total num- 
ber of myelinated axons. To determine the total 
number of axons, each histological section was 
digitally photographed (Panasonic WV-CP410, 
Panasonic, Japan) together with an optical 
microscope (Leica DWLB2, Strasse, Austria). 
Leica FW4000 Image Analysis Software (Leica 
Microsystem) was employed to conduct the 
neuronal morphometric analysis, and the axon 
counts in all fields were then averaged. An index 
representing the percentage of axons that crossed 
the repair site was calculated according to the fol- 
lowing formula: 


Average number of myelinated axons in the distal segment 


Average number of myelinated axons in the proximal segment 


9.2.2.5 Statistical Analysis 
Results were interpreted as the mean+standard 
deviation. SPSS 13.0 software (SPSS Inc., 


Chicago, IL) was adopted for the statistical anal- 
ysis. The analysis of variance (ANOVA) was uti- 
lised to compare differences between groups, and 
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results were considered as significant value when 
p-values were <0.05. 


9.2.3 Results 


Sixteen animals were excluded from the analysis 
as they had to be sacrificed during the follow-up 
period. These animals had developed chronic 
health problems, which were evidently caused by 
complications from the procedure such as 
infected pressure sores or severe and recurrent 
urinary tract infections. The results presented 
below are based on the remaining 14 rats that 
remained well generally during the follow-up 
period. 


9.2.3.1 Action Potentials of the Vesicular 
Nerve Plexus 

Bladder plexus action potentials were recorded 
both before and after spinal cord transection 
using the same electrical stimulus to excite the 
distal end of the left L5-S2 dorsal root anastomo- 
sis distal to the nerve graft. The amplitude of the 
evoked potentials was 0.11+0.02 mV prior to 
transection and 0.12+0.04 mV after transection, 
which was non-significant. The shape of the 
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Fig.9.2 Bladder plexus action potentials were recorded 
both before and after transection of the spinal cord by 
using the same electrical stimulus to excite the distal end 
of the left-sided L5-S2 dorsal root anastomosis. The 
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curve recorded on the left side was similar to that 
on the control side when the right-sided S2 DR 
was excited (Fig. 9.2). The amplitude of the 
evoked potentials on the control side was 
0.15+0.03 mV, which was larger than those of 
the left side (p<0.01). Action potentials were not 
detected when the same stimulus was applied to 
the right-sided S2 DR after spinal cord 
transection. 


9.2.3.2 Compound Muscle Action 

Potentials in Bladder 

Smooth Muscle 
Compound muscle action potentials of bladder 
smooth muscle were recorded both before and 
after the onset of paraplegia triggered by L6-S4 
transection by stimulating the distal end of the 
L5-S2 dorsal root anastomosis on the experimen- 
tal side. The mean maximum amplitudes before 
and after paraplegia were 0.12+0.03 mV and 
0.12+0.02 mV, respectively, which was not a sig- 
nificant difference. The shape of the curve was 
similar to that of the control side (Fig. 9.3). The 
amplitude of the right-sided bladder smooth mus- 
cle compound muscle action potential was 
0.17+0.03 mV, which was significantly larger 
than those on the left side (p<0.01). When the 


b 
6.25 
AP 
mV 
-6.25 | 
0.00 10.00 20.00 
Time (ms) 


morphology of the tracing recorded on the left side was 
similar to that from the control side. The amplitude of the 
evoked potentials on the control side was larger than those 
of the left side. (a) control side; (b) left side 
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Fig.9.3 Compound muscle a 
action potentials of the 


0.20 
bladder smooth muscle were 
recordable both before and 
after the onset of paraplegia CMAP 
caused by L6-S4 transection mV 
by stimulating the distal end 
of the L5-S2 dorsal root 
anastomosis on the experi- 
mental side. The morphology 
of the tracing was similar to 
that of the control side. The 
amplitude of the compound 
muscle action potentials of the 0.00 
right-sided bladder smooth ] 
muscle was significantly 0.00 
larger than that of the left side. (00:00:00) 
(a) control side; (b) left side 
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same stimulus was applied to the right-sided S2 
DR after paraplegia was induced, a compound 
muscle action potential could not be elicited from 
the bladder smooth muscle. 


9.2.3.3 Intravesicular Pressure 

When the L5-S2 dorsal root anastomosis was 
stimulated on the experimental side, intrave- 
sicular pressure increased both before and after 
the induction of paraplegia. The recorded intra- 
vesicular pressure curve increased steadily and 
slowly, reaching its peak within 1.5—2.0 s. The 
mean intravesicular pressures elicited by the 
artificial reflex arc before and after the induc- 
tion of paraplegia were 6.57+1.38 cmH,O and 
6.24+1.98 cmH,0, respectively, which was not 
significant. The shape of the curve was similar 
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to that recorded on the control side when the S2 
DR was stimulated before spinal cord transection 
(Fig. 9.4). The mean intravesical pressure was 
10.88 + 1.92 cmH,O on the control side, which 
was significantly higher than that of the left side 
(p<0.01). When the same stimulus was used on 
the right-sided S2 DR after spinal cord transec- 
tion, no change was recorded in intravesicular 
pressure. 


9.2.3.4 Histological Examination 

All specimens of the distal portions of the nerve 
grafts were observed to have prominent axo- 
nal sprouting on histological examination. The 
distal-to-proximal axon regeneration ratios 
of the VRs and DRs were 69.85+6.27 % and 
55.23+5.37 %, respectively. 
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Fig.9.4 Intravesicular a 
pressure increased by 10.00 
stimulating the L5-S2 dorsal 
root anastomosis on the IVP 
experimental side both before 
| cmH,O 
and after paraplegia was 
induced. The slope of the 
curve was similar to that 
recorded on the control side. 
The mean intravesicular 
pressure of the control side 
was higher than that of the 
left side. (a) control side; 
(b) left side 
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9.2.4 Discussion 


We used a rat model based upon a previous report 
using a protocol that was designed to enable an 
evaluation of the functionality of the recon- 
structed reflex pathway [6]. Our methodology 
was similar to that described by Chuang et al. 
[13] but with certain modifications. For example, 
it is extremely difficult to keep a paraplegic ani- 
mal alive for a long duration, the nerve pathway 
was reconstructed prior to spinal cord transec- 
tion, which could explain the lower mortality rate 
observed in our series. 

Theoretically, pure motor-to-motor and 
sensory-to-sensory nerve reconstruction is the 
best way to reinnervate the bladder. Our studies 
illustrated that both afferent and efferent nerve 


pathways can be established by anastomoses of 
the spinal VRs and DRs between the L5 and S2 
nerve roots. Then, the somatic nerve root can 
reinnervate the bladder through the reconstructed 
afferent and efferent branches. The application of 
electrical stimuli to the left L5-S2 DR anastomo- 
sis led to motor evoked potential responses. 
These were recorded in the bladder plexus before 
and after transection of the rat spinal cord 
between the L6 and S4 segments. The shapes of 
the resultant evoked potential curves were similar 
to those of the control sides, and there was no 
evidence of interference by non-native nerve root 
fibers. Urodynamic results demonstrated that the 
bladder pressure increased after paraplegia when 
stimulation was applied to the let L5-S2 DR 
anastomosis, which was approximately 56 % that 
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recorded from the normal controls. The 14 rats 
all displayed histological evidence of nerve 
regeneration. In combination, these results dem- 
onstrated that new nerve pathways had been 
established successfully. 


9.3 Clinical Applications 


9.3.1 Introduction 

In our previous experiments in a rat model, we 
confirmed that it is possible to achieve supra- 
sacral nerve motor-to-motor and sensory-to- 
sensory nerve transfers after conus medullaris 
injuries to reconstruct the bladder autonomic 
reflex arc [13]. Specifically, these were achieved 
by simultaneous microanastomoses of both 
VRs and DRs between L5 and S2. Based on 
these preclinical studies, we then attempted to 
re-innervate the atonic bladder of patients who 
suffered previous conus medullaris injuries with 
the use of suprasacral nerve motor-to-motor and 
sensory-to-sensory nerve transfers. 


9.3.2 Indications 

Patients were candidates if they had presented 
with bladder atonia after a conus medullaris 
injury. 


9.3.3 Surgical Technique 


Under general anesthesia, a standard laminec- 
tomy was performed from LS to S3 with the 
patient lying prone. The dura was opened via a 
paramedian incision, which exposed the dorsal 
and ventral roots of the S1-S4 nerves. The S1 
nerve root was located using the L5/S1 interver- 
tebral space as a marker, after which the S2-4 
nerve roots could be located in descending order. 
The VRs and DRs at the dural incision were iden- 
tified according to their anatomical characteris- 
tics, and those of S1 and S2 were identified by 
further microdissection. An electrical stimulator 
was used to stimulate the S1 VR and lower limb 


muscle contractions were observed to verify the 
root identification was correct. If the function of 
the S1 root was normal, the unilateral S1 and S2 
VRs and DRs were transected microsurgically 
and anastomosed with 9-0 suture material 
(Fig. 9.5). The wound was then sutured in three 
layers and an external drain was left in situ. 


9.3.4 Case Report 


A 40-year-old male was referred for the treat- 
ment of an atonic bladder that had been caused 
by a conus medullaris injury in July 2008 when 
he fell from an elevated height. This had resulted 
in a compression fracture of the L1 vertebra, and 
he had developed bladder atonia with preserved 
motor functions of the lower extremities. Physical 
examination revealed that his leg strength was 
slightly weak but he could walk steadily. Both 
spontaneous voiding and his sense of bladder 
fullness were absent, and cystometrography 
revealed that the patient had an areflexic bladder. 
Surgical reconstruction of the bladder reflex 
pathway was performed 8 months after injury. 
The bladder reflex pathway was established by 
the intradural microanastomosis of the S1 VR to 
the right-sided S2 VR to restore pure motor-to- 
motor reinnervation coupled with S1 DR to the 
S2 DR to achieve pure sensory-to-sensory 
reinnervation. 

The patient regained bladder sensory function 
10 months postoperatively, which meant he had 
the ability to sense a full bladder and perceive 
the desire to void. He could void voluntarily, 
and a comparison of the pre- and postoperative 
urodynamic study results demonstrated signifi- 
cant improvements in bladder function by the 
tenth postoperative month. He eventually expe- 
rienced full recovery of his bladder storage and 
voiding functions, with no nocturnal urinary 
incontinence. 


9.3.5 Discussion 


The results of the current series of patients sug- 
gested that a new urination center above the level 
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Fig. 9.5 Surgical procedure to reconstruct bladder reflex 
pathway in a 40-year-old man. (a) Standard laminecto- 
mies were performed from L5 to S3 with the patient in the 
prone position. The dura was opened through a parame- 
dian incision, which exposed the dorsal and ventral roots 


at which paraplegia occurred may have been 
established after the reconstruction of the afferent 
and efferent nerve pathways of the atonic bladder. 
The spastic bladder incurred by spinal injury 
above the level of the conus medullaris can utilise 
the latent residual tendon reflex below the plane of 
paraplegia to rebuild a new “tendon-spinal cord- 
bladder” reflex if a spinal nerve anastomosis if 
formed [14]. As the tendon reflex below the plane 
of paralysis is deployed, it can hardly connect 
with the cerebral center. We therefore suggest that 
a “trigger point” may have been formed in this 
procedure, which indicates bladder fullness and 
the urge for urination if the trigger point is stimu- 
lated. However, it seems to be possible to estab- 
lish a new pathway for the atonic bladder above 
the level of spinal cord transection that keeps a 


of the S1 and S2 nerves. (b) The ventral and dorsal roots 
of S1 and S2 were then identified and separated by micro- 
dissection. (c) S1 ventral and dorsal roots were anasto- 
mosed to S2 ventral and dorsal roots, respectively 


cerebral connection. This enables the patient to 
have more volitional control of urination without 
the need for trigger point stimulation. In this case, 
the impulse produced is transmitted to the cere- 
bral micturition center when the bladder is filled. 
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10.1 Background 
With the rapid development of the building 
industry and of transportation in recent years, the 
number of cases of spinal cord injury (SCI) is ris- 
ing each year. Urine retention and bladder dys- 
function arising from SCI seriously affect the 
quality of life and survival of these patients. The 
total incidence of urinary tract infection in para- 
plegia patients (1,003 patients) after the Tangshan 
earthquake (1976) in China was 41.58 %, 
49—66 % of whom succumbed to uremia. In the 
United States alone, more than half a million 
patients suffer from neurogenic bladder after 
SCI, and an additional 50,000 people sustain an 
SCI each year [1]. Other studies report that recur- 
rent urinary tract infections, hypertension, and 
renal failure, which is one of the major complica- 
tions, causes death in late-stage SCI patients [2]. 
Restoration of normal micturition in SCI 
patients is very difficult as repair of the injured 
spinal cord is not feasible at the present time. 
Other approaches have been used, such as inter- 
mittent catheterization, external sphincterotomy 
and continence diversion [3], which can improve 
urine retention, but the bladder detrusor remain 
dysfunctional. Since it came into use, the 
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Brindley Sacral Anterior Root Stimulator has 
allowed paraplegic patients with spastic bladder 
to regain urinary continence and a satisfactory 
quality of life in most cases [4]. Recently, Xiao 
et al. reported a series of experimental and clini- 
cal studies attempting to establish a “skin-central 
nervous system (CNS)-bladder” reflex pathway 
to trigger bladder contraction [5-7], and we also 
reported a study to produce urination by Achilles 
tendon-to-bladder reflex contractions [8, 9]. 
Although they have proven effective in some 
instances, these techniques have been used only 
in cases of spastic bladder. However, fracture- 
dislocation of the spinal column was most com- 
monly seen in the thoracolumbar region (T12/ 
L1), which can destroy the conus medullaris, 
resulting in atonic bladder. Consequently, in our 
previous studies we succeeded in establishing a 
skin-CNS-bladder reflex (abdominal reflex) 
pathway for restoring controllable micturition in 
the atonic bladder [10-12]. Another study dem- 
onstrated that reestablishment of afferent and 
efferent nerve pathways to restore autonomic 
micturition in the atonic bladder is achievable in 
a rat model [13]. Using the normal abdominal 
reflex above the level of injury to reconstruct 
bladder reflex arc in atonic bladder ascribe to 
cone injury has been performed clinically [12]; 
however, this requires a sural nerve transplant, 
which is nearly 30 cm long, to bridge the T,, and 
S, nerve root. The disadvantages of this proce- 
dure include difficulty of nerve transplantation, 
severe surgical trauma and a long period of 
recovery due to the length of the nerve 
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transplanted. Furthermore, if the time over which 
the atonic bladder remains denervated is too long, 
the detrusor muscle and its neuromuscular junc- 
tion may degenerate, and it will then probably be 
of no use for the operation. Hence, a method to 
more quickly recover the detrusor should be used 
for atonic bladder. 


10.2 Animal Experiment 


10.2.1 Introduction 

We find that a percentage of patients with atonic 
bladder due to conus medullaris injury (such as 
L, fracture) present with clinical bladder dys- 
function while most or even all of the motor 
function of the lower extremities remains. For 
such patients, we wondered whether it would be 
possible to use the nerve root dominating the nor- 
mal motor function of the lower extremities as 
the motor nerve root, i.e., anastomosing the cen- 
tral end of the S, anterior nerve root of the unaf- 
fected spinal cord segment with the peripheral 
end of the S, and S; anterior nerve root that domi- 
nates the bladder, to reconstruct an artificial 
tendon-to-bladder reflex arc for the recovery of 
bladder function. However, this raises the ques- 
tion of whether severing the S; nerve root would 
result in new functional injury to the patient’s 
lower extremities. This preliminary study was 
performed to answer this question. 


10.2.2 Material and Method 


10.2.2.1 Animal Preparation 
and Surgical Procedure 

A total of 40 adult male Sprague-Dawley (SD) 
rats, weighing 200-220 g, were randomized into 
four groups of 10 rats each. The animals were 
housed three per cage under a 12-h light/dark 
cycle, and were fed rat chow and water ad libitum. 
All the procedures were approved by the University 
Animal Care and Use Committee. All the animals 
were treated in accordance with the Animal Care 
Guidelines of the National Bureau of Health. 
Considering that the nerve roots that dominate the 
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sacral plexus (involving L;—L¢ and predominantly 
the L4, L5 and L6 nerve roots) [13] may vary 
between individual SD rats, the right L4, LS and 
L6 were severed, respectively, in the three experi- 
mental groups designated as groups B, C and D. 
The normal group was designated as group A. Pre- 
and postoperative electromyograms (EMG), 
appearance and gait were observed and compared. 
Instruments used included an electromyograph 
and silver needle electrodes. 

To prepare for surgery, the animals were anes- 
thetized by intraperitoneal injection of 1 % 
sodium thiopental (5 mg/kg body weight; 
Shanghai XinYa Pharmaceutical Co., Shanghai, 
China). The animals were fixed in a prone posi- 
tion on a plate. Under sterile conditions, a longitu- 
dinal incision was made on the right lateral thigh 
to incise the skin and subcutaneous tissue and iso- 
late the deep fascia, to locate the sciatic nerve 
along the intermuscular space. The stimulation 
electrodes were hooked to the sciatic nerve and 
the recording electrodes were located in the tri- 
ceps surae muscle, anterior tibialis muscle and 
biceps femoris, to record EMGs. The L6 spina 
was located based on the sacral iliac joint, above 
which were the L4 and LS spina. A longitudinal 
incision was made using L4, LS and L6 as the 
center. The skin, subcutaneous tissue and deep 
fascia were incised to expose the spina and the 
articular processes. Along the right articular pro- 
cess, the transverse process was isolated down- 
ward and partially excised to expose the nerve 
root (Figs. 10.1 and 10.2). The right L4, LS and 
L6 nerve roots, respectively, were then severed in 
groups B, C and D. The left side was kept intact. 
Finally, the wound was closed in layers. The same 
surgery was performed in group A, but without 
severing of the nerve root. Then, at 4, 8 and 12 
weeks post-operation, the sciatic nerve was again 
exposed and stimulated by the same process. 


10.2.2.2 Electrophysiological Studies 

Following induction of anesthesia, the rat was 
placed in the prone position. The stimulation 
electrodes were hooked to the sciatic nerve and 
the recording electrodes were located in the tri- 
ceps surae, anterior tibialis and biceps femoris, 
respectively, to record EMGs. One recording 


10 Transfer of Normal Lumbosacral Nerve Roots to Reinnervate Atonic Bladder 95 


Fig. 10.1 Expose the L4, L5 and L6 nerve root, each was 
indicated by a line 


Fig. 10.2 Completely explosion, each nerve root was 
indicated by a line 


electrode was buried in the muscle belly, another 
in the muscle tendon, and the remaining elec- 
trode was fixed to the gluteus maximus as an 
extra ground electrode. The compound muscle 
action potentials of the triceps surae, anterior 
tibialis and biceps femoris were recorded with a 
stimulating intensity of 1 mA, a pulse width of 
0.2 ms, a frequency of 1 Hz, and duration of 
10 ms. Before one of the right L4, LS and L6 


nerve roots was severed in each experimental 
group, the sciatic nerve was stimulated and the 
compound muscle action potentials of the triceps 
surae, anterior tibialis and biceps femoris were 
recorded on the computer. After the nerve root 
was severed, the same operation was performed 
and the compound muscle action potentials were 
again recorded. Then, at 4, 8, and 12 weeks post- 
operation, the sciatic nerve was stimulated and 
the compound muscle action potentials were 
recorded by the same process. 

All signals were imported to a computer and 
analyzed using MFLab software version 3.01 
(Department of Physiology and Pathophysiology, 
School of Medicine, Fudan University, Shanghai, 
China). 


10.2.2.3 Sciatic Functional Index (SFI) 

Pre- and post-operation (4-, 8-, and 12-weeks), 
walking tracks were obtained before induction of 
anesthesia. Animals were tested in a confined 
walkway 42-cm in length and 8.2-cm in width, 
with a dark shelter at the end. A sheet of white 
paper was placed on the floor of the walking cor- 
ridor. After the hind paws of the rats were pressed 
down onto a paint-soaked sponge, they were 
allowed to walk down the corridor, leaving hind 
footprints on the paper. In each walking track, 
three footprints were analyzed by a single 
observer, and the average of the measurements 
was used in SFI calculations. Several measure- 
ments were taken from the footprints: (I) distance 
between heel and third toe, print length (PL); (ID 
distance between the first and the fifth toe, the toe 
spread (TS); and (III) distance between the sec- 
ond and the fourth toe, the intermediary toe 
spread (ITS). All three measurements were taken 
from the right (experimental) sides. The SFI was 
calculated according to the following formula, as 
described by Bain et al. [15]: 


ess TT lego PR jg ees 
NPL NTS 
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The SFI oscillates around 0 for normal nerve 
function, and a figure of around —100 indicates 
total dysfunction. 


10.2.2.4 Wet Weight of Muscles 
Following the electrophysiological examination 
12 weeks after severing of the nerve, the right 
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Table 10.1 Compound muscle action potentials (CMPs) (mv) 


The triceps surae 


Pre- Post- 4 Weeks 

Control 39.89+9.13 39.02+9.08  38.69+10.52 
L4 40.23+10.34 39.56+10.51 38.36+9.42 
L5 39.04+10.29 39.19+11.73 37.91+10.75 
L6 59559650 BIENE BOMBENE 
Table 10.2 The mean latency (ms) 

The triceps surae 

Pre- Post- 4 Weeks 
control 1.42+0.19 1.56+0.16 1.81+0.21 
L4 1.51+0.21 1.61+0.23 2.14+0.19 
L5 1.49+0.17 esse ON 2.26+0.32 
L6 1.56+0.14 1.59+0.19 1.76+0.19 


H. Lin et al. 
Anterior tibialis 
8 Weeks 12 Weeks Pre- Post- 
39.17+8.63 39.54+11.69 29.71+9.09 28.34+11.48 
38.91+10.28 39.20+11.15 30.12+8.19 27.89+8.34 
38.27+11.49 38.77+7.83 29.52+7.58 28.19+9.88 
39.77+9.41 39.68+9.37 30.34+10.13 28.46+7.22 
Anterior tibialis 
8 Weeks 12 Weeks Pre- Post- 
1.82+0.17 1.79+0.23 1.51+.24 1.53+0.21 
1.84+0.27 1.76+0.18 1.47+0.19 1.49+0.17 
1.79+0.13 1.74+0.21 1.53+0.23 1.46+0.28 
1.70+0.24 1.78+0.19 1.49+0.18 1.54+0.15 


triceps surae, anterior tibialis and biceps femoris 
were dissected out from bilateral hind limbs and 
weighed while wet. After weighing, the muscles 
were fixed with 4 % paraformaldehyde in 
phosphate-buffered saline (PBS, pH 7.4) at 4 °C. 


10.2.2.5 Electron Microscopic 
Observation of the 
Ultrastructure of the Target 
Muscle and Motor End-Plate 
(MEP) 
The triceps surae, anterior tibialis and biceps 
femoris were double-fixed in 4 % glutaraldehyde 
and osmic acid, dehydrated with pyroracemic 
acid, and embedded in EPON812. They were 
then sliced using a LKBNOVA ultramicrotome 
(LKB Inc., Bromma, Sweden), double-dyed with 
lead and uranium and observed using a Philips 
CM120 transmission electron microscope 
(Philips Inc., Amsterdam, The Netherlands) for 
ultrastructure of the triceps surae, anterior tibialis 
and biceps femoris and MEP. 


10.2.2.6 Histological Examination 

The triceps surae, anterior tibialis and biceps 
femoris were fixed in 10 % formalin for 40 h, 
dehydrated and paraffin-embedded. They were 
then sliced along the middle of the muscle into 
5 mm sections, hematoxylin and eosin stained, 
and analyzed using the FW4000 digital imaging 
workstation (Leica Inc., Solms, Germany). 


10.2.2.7 Fibrotic Components 

in the Target Muscle 
To observe the fibrotic level, the triceps surae, 
anterior tibialis and biceps femoris were dyed 
with Masson’s trichrome. The sections were ana- 
lyzed using the FW4000 digital imaging work- 
station (Leica Inc., Solms, Germany). 


10.2.2.8 Statistics 

Results were expressed as mean + standard devia- 
tion, and SPSS 11.0 software (SPSS Inc., Chicago, 
IL) was used. One-way analysis of variance was 
used to determine significant differences between 
the groups, with the Student-Newman-Keuls test 
for multiple comparisons. Differences were con- 
sidered significant at P<0.05. We certify that all 
applicable institutional and governmental regula- 
tions concerning the ethical use of animals were 
followed during the course of this research. 


10.2.3 Results 


The animals in all groups survived for the dura- 
tion of the experiments, without wound infection 
or self-eating of limbs. 


10.2.3.1 Compound Muscle Action 
Potentials (CMPs) 

Before and after severing the nerve, the mean laten- 

cies of CMP and maximum CMP amplitudes in 
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Biceps femoris 
4 Weeks 8 Weeks 12 Weeks Pre- Post- 4 Weeks 8 Weeks 12 Weeks 
28.91+8.27 28.75+10.59 28.59+10.32 20.05+4.34 18.01+7.18 18.3+5.67 18.59+6.91 18.91+4.37 
27.13+9.57 27.8+9.24 PY Sse) ST | POSTER SSL IS SES SONT SSÉES 268 MS SJELSI | 18503505 
26.89+10.69 27.58+9.37 27.87+10.19 19.83+5.19 17.94+4.87 17.37+5.14 17.96+5.38 18.46+4.76 
28.04+10.81 28.57+8.61 28.96+9.17 20.47+498 18.35+7.33 18.19+4.79 18.43+4.69 18.89+5.19 
Biceps femoris 
4 Weeks 8 Weeks 12 Weeks Pre- Post- 4 Weeks 8 Weeks 12 Weeks 
1.78+0.24 1.77+0.16 1.79+0.13 1.54+0.23 15388027 1.69+0.28 1.75+0.24 1.83+0.27 
2.05+0.19 1.84+0.24 1.81+0.27 1.49+0.18 1.51+0.15 201092 1.83+0.19 1.81+0.17 
2.13 +0.26 1.86+0.17 1.83+0.16 1.57+0.26 SOO, | I7=07 1.87+0.23 1.83+0.24 
175209 1.74+0.27 1.72+0.28 1.49+0.24 1.54+0.26 1.77+0.21 1.82+0.17 1.76+0.17 
Table 10.3 Sciatic functional index (SFI) 
Pre-operation 4 Weeks 8 Weeks 12 Weeks 

Control -5.28+2.39 —8.12+2.25 —7.56+ 3.32 —7.52+2.41 
L4 —4.78+2.16 —10.17+3.59 —9.53 +2.14 -8.27 +2.49 
ES —5.19+3.07 —10.35+3.72 —9.87 +2.81 —8.93 +3.11 
L6 —4.85 +2.43 —9.25 +3.06 —8.27+2.37 —7.82+2.79 


groups A-D for the triceps surae, anterior tibialis 
and biceps femoris on the right side of rats (n= 10) 
were, assessed respectively. There were no signifi- 
cant differences in either the mean latency or mean 
maximum CMP amplitude among the four groups. 
At the 4th week after surgery, there were significant 
differences in the mean latency among the four 
groups. Then at the 8th and 12 week after surgery, 
the differences in either the mean latency or mean 
maximum CMP amplitude among groups A-D for 
the triceps surae, anterior tibialis and biceps femo- 
ris on the left side of the rats (n= 10) became insig- 
nificant (Tables 10.1 and 10.2). 


10.2.3.2 Sciatic Functional Index (SFI) 
Reproducible walking tracks could be measured 
from all rats. Before severing the nerve, the mean 
SFI was assessed in groups A, B, C and D, with 
no significant differences observed (P>0.05). At 
the 4th, 8th, and 12th week after surgery, the 
mean SFI was again assessed, with no significant 
differences found among the four groups at any 
of the time points (P>0.05) (Table 10.3). 


10.2.3.3 Wet Weight of Muscles 

The wet weight of the triceps surae (in grams) in 
groups A-D was 3.23 +0.77, 2.91 +0.84, 2.85 +0.93, 
and 3.01+1.16 g, respectively. The wet weight of 
the anterior tibialis in groups A-D was 1.01+0.14, 
0.85+0.22, 0.81+0.29 and 0.98+0.17 g, respec- 
tively. The wet weight of the biceps femoris in 
groups A-D was 5.26+ 1.13, 4.54+ 1.33, 4.28 + 1.46 
and 5.13+1.59, respectively (Table 10.4). The 
results show that, for each of the different muscles, 
the mean muscle weight value of group A was 
always higher than that of groups B-D. But there 
was no significant difference in muscle weight 
between groups A, B, C and D (P>0.05). 


10.2.3.4 Electron Microscopic 
Observation 

In group A, organelles such as myofilaments and 
dense bodies were well organized in muscle cells 
of the triceps surae, anterior tibialis and biceps 
femoris. A similar result can be seen for groups 
B-D, except for 2 samples in groups B and 4 sam- 
ples in C, in which degeneration of the muscle cells 
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was observed (Figs. 10.3 and 10.4). The course of 
the myofilaments was malaligned and underwent 
vacuolar or globular changes. In group A, the nor- 
mal structure of the MEP was seen between cells of 


Table 10.4 Wet weight of muscles (g) 


The triceps Anterior Biceps 

surae tibialis femoris 
Control 3.23+0.77  1.01+0.14  5.26+1.13 
L4 2.91 +0.84 0.85+0.22 4.54— 1.33 
LS 2.85+0.93  O0.81+0.29  4.28+1.46 
L6 3.01+1.16  0.98+0.17 SESS 


Fig. 10.3 In group AD, 
organelles such as myofila- 
ments and dense bodies were 
well organized in muscle 
cells (Electron 

microscopic x 2,000) 


Fig.10.4 A few samples in 
groups B and C, in which 
degeneration of the muscle 
cells was observed (Electron 
microscopic x 4,000) 
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the triceps surae, anterior tibialis and biceps femo- 
ris. A number of organelles including mitochondria 
and synaptic vesicles could be seen in the nerve 
endings. The ultrastructure of the MEP in groups 
B-D was similar to that in group A, without appar- 
ent degeneration (Fig. 10.5). 


10.2.3.5 Histological Examination 

In group A, the muscle cells of the triceps surae, 
anterior tibialis and biceps femoris were well 
arranged and closely-contacted, with no infiltra- 
tion of the connective tissue seen in muscle bun- 
dles. In groups B-D, the muscle cells were 
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Fig. 10.5 In group A-D, the normal structure of the MEP (1.2 x 5,000; 3.4x 10 K) 


similarly arranged, except for 3 samples in B and 
5 samples in C, in which the muscle cells were 
loosely arranged, with a rounded shape and 
smaller area compared with the control group, 
indicating degeneration of the muscle cells 
(Figs. ), , and 8). 


10.2.3.6 Analysis of Fiber Components 

In group A, the triceps surae, anterior tibialis and 
biceps femoris cells were funicular and well 
arranged, and small amounts of collagen could be 
seen between the muscle bundles. Similar results 
were found for groups B-D, except for 2 samples 
in groups B and 4 samples in C (Figs. 3 i 
and |), in which fibrosis of the muscle 
became worse and the cells became smaller than 
those in group A. Large numbers of collagen 
fibers were seen between the muscle bundles, 
with collagen infiltration. The percentage of con- 
nective tissue in the triceps surae in groups A-D 
was 12.58+1.45, 13.47 +2.32, 13.24+2.76 and 


13.30 +2.56, respectively. The percentage of con- 
nective tissue in the anterior tibialis in groups 
A-D was 12.23+2.15, 12.98 +2.47, 13.29+3.66 
and 13.14 1.46 respectively. The percentage of 
connective tissue in the biceps femoris in groups 
A-D was 13.08 +1.09, 13.57 +2.52, 13.74 1.96 
and 13.58+2.31respectively. The difference 
between group A and groups B, C, D was not 
significant (P >0.05) (Table ). 


10.2.4 Discussion 


Finding a way to solve the problem of neurogenic 
bladder would not only improve the quality of 
life in patients who have suffered from SCI, but 
also improve the rate of mortality. For spastic 
bladder, the Brindley Sacral Anterior Root 
Stimulator has proven to be an effective solution. 
Artificial bladder micturition reflex has also been 
demonstrated to be useful, in both animal and 
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Fig. 10.6 In group A, the 
muscle cells were well 
arranged and closely-con- 
tacted (Hematoxylin and 
eosin stained x 100) 


Fig. 10.7 In groups B-D, the 
muscle cells were similarly 
arranged (Hematoxylin and 
eosin stained x 100) 


human studies. For the atonic bladder, using the 
normal abdominal reflex above the level of injury 
to reconstruct the bladder reflex arc has been per- 
formed clinically [12]. However, this requires a 
sural nerve transplant, which is nearly 30 cm 
long, to bridge the T,, and S, nerve root. Thus for 
patients with atonic bladder caused by conus 
medullaris injury, and whose motor function of 
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the lower extremities is normal, using the normal 
S, nerve root as the donor nerve for the bladder to 
reconstruct the artificial bladder reflex arc is 
apparently advantageous over using the abdomi- 
nal reflex, in that the distance of nerve regenera- 
tion required is about 30 cm less. In addition, 
there is no need for nerve transplantation, and 
instead a direct nerve root end-end anastomosis is 
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Fig. 10.8 A few samples in 
groups B and C, degeneration 
of the muscle cells 
(Hematoxylin and eosin 
stained x 100) 


Fig. 10.9 In group A, small 
amounts of collagen could be 
seen between the muscle 
bundles (Masson’s trichrome 
stained x 100) 


required. Furthermore, the S, anterior root is 
large in diameter with abundant nerve fibers, 
which is favorable for functional recovery of the 
bladder after nerve regeneration. Anatomically, 
the S, nerve root runs downward and primarily 
participates in the functioning of the sciatic 
nerve, which is mainly composed of Ly, Ls, S,, S2 
and S;. In his study of repairing brachial plexus 


injury by using the C; nerve root of the healthy 
side, GU et al. confirmed that severing a single 
cervical nerve root did not result in significant 
long-term effects on the motor and sensory func- 
tions of the upper extremities, owing to compen- 
satory action between the nerve roots [16, 17]. 
The main functions of the lower extremities are 
weight-bearing and walking, without needing 
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Fig. 10.10 In groups BD, 
the muscle cells were 
similarly arranged (Masson's 
trichrome stained x 100) 


Fig. 10.11 A few samples in 
groups B and C, degeneration 
of the muscle cells (Masson's 
trichrome stained x 100) 


precise innervation. In addition, the distribution 


Table 10.5 The percentage of connective tissue (%) of these functions is also relatively compact in 
The triceps Anterior Biceps the cerebral cortex, and therefore mutual domina- 
surae tibialis femoris tion and compensation between nerve roots is 

Control 12.58+1.45 12.23+2.15 13.08+1.09 probably more apparent. 

L4 13.47+2.32 1298+247 13.57+2.52 In this study, we investigated the disadvantages 
LS 13.244276 13.2943.66 13.744196 of an operation that uses a normal sacral plexus 
L6 13.30+2.56 13.14+1.46 13.58+2.31 


nerve root as the dynamic nerve to re-establish 
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micturition of the bladder. Considering that the 
sacral plexus in SD rats is predominantly com- 
posed of L4, L5 and L6 nerve roots, we observed 
the effects on lower limb function when L4, L5 
and L6 nerve roots, respectively, were severed 
[14]. From the EMG results, we found that there 
was an observable effect at 4 weeks after sever- 
ance of L4 or L5, compared with normal controls, 
and these effects were decreased at 8 and 12 weeks 
after L4 or LS was severed. However, there was no 
significant effect produced by severance of L6. 

From the SFI results, there was a small 
decrease at 4 weeks after each operation, com- 
pared with the normal controls, but the change 
was not significant, and the effects decreased 
over time. A similar result was found for the wet 
weight of muscles, except for several samples. 
By electron microscopy, histological examina- 
tion and analysis of fiber components, we also 
found that significant degeneration occurred in 
only a few muscle samples. 

In conclusion, severing of one of the normal 
sacral plexus nerve roots in SD rats was found to 
be feasible, and did not obviously impact on 
lower limb motor function. The single normal 
sacral plexus nerve root can be used as a dynamic 
nerve to re-establish micturition of the bladder, 
and may possibly be feasible to help repair other 
function failure ascribe to peripheral nerve injury, 
such as motor function disorder of the lower 
limbs. As there may be species-specific differ- 
ences between human beings and rats, more stud- 
ies are required to make the operation safer and 
more feasible. The mechanism of the compensa- 
tion observed in this operation also remains to be 
elucidated in future studies. 


10.3 Clinical Application 


10.3.1 Introduction 

Neurogenic bladder in patients with spinal cord 
injury (SCI) poses a challenge to researchers and 
clinicians alike [18-21]. Among the treatments 
reported, one of the methods used to treat spastic 
bladder caused by SCI above the level of the 
conus medullaris is electric stimulation [22]. 


Another method involves the use of healthy ten- 
don reflex mechanisms below the paraplegic 
level. We have demonstrated in a previous work 
that the Achilles tendon reflex can be used in 
humans to successfully reconstruct spastic blad- 
der function in patients with complete suprasacral 
SCI; We anastomosed the S1 ventral root (VR) 
with the S2 and/or S3 VRs to reconstruct the blad- 
der reflex arc [9]. With regard to atonic bladders 
caused by conus medullaris injuries, it has been 
shown that reconstructing the innervation to the 
bladder above the level of SCI can produce urina- 
tion by abdomen-to-bladder reflex contractions 
[11, 12]. However, this procedure requires a sural 
nerve transplant to bridge the T10 (T11) and $2/3 
nerve roots, which can be up to 30 cm long. 

We think that this procedure can be avoided in 
some patients with atonic bladder due to a low 
conus medullaris (S2—5) injury, such as from an 
L1 fracture, in whom bladder dysfunction is pres- 
ent but the majority or all of the motor functions 
of the lower extremities remain intact. In the case 
of such patients, the S1 ventral root of the unaf- 
fected spinal segment could be used to re- 
innervate the atonic bladder. However, severing 
the S1 nerve root could cause further functional 
losses in the lower limbs. 

The brachial and sacral plexuses are organized 
in a similar manner, and Gu et al. [16] have con- 
firmed that the ipsilateral C7 root could be used 
to repair brachial plexus injuries, and that sever- 
ing C7 did not produce significant long-term 
effects on motor and sensory functions of the 
upper extremities, probably due to the compensa- 
tory action of the other nerve roots. Therefore, 
hypothetically, if the S1 root is divided, other 
nerves should be able to compensate for dam- 
aged nerves and control muscles that were origi- 
nally controlled by S1. In order to examine this, 
in our previous experiments, we confirmed that 
division of the L6 nerve root in the monkey sacral 
plexus, which is analogous to the S1 root in 
humans, did not permanently affect limb function 
[23]. Based on the results of these preclinical 
experiments, this paper describes our attempts to 
re-innervate the atonic bladder of patients who 
had previous conus medullaris injuries, by using 
an ipsilateral S1 root transfer. 
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10.3.2 Indications 

Patients who presented with bladder atonia after 
conus medullaris injury and in whom motor func- 
tion of the lower extremities was preserved. 


10.3.3 Surgical Technique 


The surgical procedure was performed under 
general anesthesia. A standard laminectomy was 
performed from LS to S3 with the patient lying 
in the prone position. The dura was opened 
through a paramedian incision, which exposed 
the dorsal and ventral roots of the S1-S4 nerves. 
The S1 nerve root was located using the L5/S1 


Dorsal root 


Ventral root 


Anastomosis 


Dorsal root 


Spinal ganglia 
Ventral root 
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intervertebral space as a marker; the S2—4 nerve 
roots were located in descending order. The ven- 
tral and dorsal roots at the dural incision were 
identified according to their anatomical charac- 
teristics. The VRs of S1, S2 and S3 were identi- 
fied and separated from their respective dorsal 
roots by microdissection. An electric stimulator 
was used to stimulate the S1 VR to observe mus- 
cle contractions of the lower limb in order to 
verify that the root was indeed the S1 root. If the 
function of the S1 root was normal, the unilateral 
SI VR and the S2/3 VRs on the same side were 
transected using microsurgery and anastomosed 
with 9-0 non-absorbable sutures (Figs. 10.12 
and 10.13). The wound was sutured in three lay- 
ers with an external drain. 


Bladder ——————___— 


Fig. 10.12 Creation of microsurgical 
anastomoses between the S1 and S2/3 
ventral roots 
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Fig. 10.13 Surgical procedure for reconstructing the 
bladder reflex pathway in a 25-year-old man. (a) Standard 
laminectomies from L5 to S3 were performed with the 
patient lying in the prone position. The dura was opened 
through a paramedian incision, exposing the dorsal and 


10.3.4 Case Report 


A 35-year-old man was referred for evaluation 
and treatment of atonic bladder caused by a conus 
medullaris injury in March 2008. He had fallen 
from an elevated height, which resulted in a com- 
pression fracture of the L2 vertebra. The patient 
presented with bladder atonia that was associated 
with the conus medullaris injury, and motor func- 
tion of the lower extremities was preserved. 
Physical examination showed that the muscle 
strength of both lower extremities was practically 
normal. Both spontaneous voiding and sensation 
of bladder fullness were absent, and cystomet- 
rography revealed that the patient had an are- 
flexic bladder. The patient urinated via a bladder 
stoma, and there was no residual urine in the 
bladder. Surgical reconstruction of the bladder 
reflex pathway was scheduled and performed 6 
months after the injury. The right S1 VR and the 


ventral roots of the S1, S2 and S3 nerves. (b) The ventral 
roots of S1, S2 and S3 were identified and separated from 
their respective dorsal roots by microdissection. (c) The 
S1 and S2/3 ventral roots were anastomosed 


S2/3 VRs on the same side were transected using 
microsurgery and anastomosed. 

On the second day and 1, 3, 6, and 12 months 
after the operation, the strength of the muscles 
innervated by the S1 nerve was examined, includ- 
ing the gastrocnemius, soleus, abductor hallucis 
and extensor digitorum brevis. Muscle strength 
was evaluated using the MRC grading scale. At 1, 
3, 6, 12, 18, 24 and 36 months after the operation, 
urodynamic tests were conducted a 4-channel 
urodynamic system (Dantec, Denmark), to evalu- 
ate urine volume, maximum detrusor pressure, 
maximum flow and residual urine volume. 

On the second day after the operation, the 
power of the S1-innervated muscles decreased by 
1 grade (MRC grade) in comparison with the pre- 
operative levels. However, at 3 months after the 
operation, muscles innervated by the S1 nerve 
root had recovered their preoperative strength 
levels. 
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The patient experienced recovery of bladder 
storage and voiding functions, and no nocturnal 
urinary incontinence was noted at postoperative 
12 months. The patient was also able to void vol- 
untarily. Interestingly, he also regained bladder 
sensory function, which was characterized by the 
ability to sense a full bladder and perceive the 
desire to void. When the pre- and postoperative 
urodynamic study results were compared, we 
found significant improvement in bladder func- 
tion by the 12th postoperative month. 


10.3.5 Discussion 


In the nine patients included in this study whose 
S1 nerve root was severed, physical examination 
revealed that postoperative muscle strength 
decreased slightly, and recovered 3 months post- 
operatively. These results indicate that the unfa- 
vorable effect of severing the S1 root can be 
compensated for by other nerve roots; therefore, 
it may be safe to transfer the S1 root to re- 
innervate an atonic bladder [24]. 

The procedure we used allowed patients to 
initiate voiding voluntarily by stimulating the 
Achilles tendon, which is mainly innervated by 
the S1 nerve root, via percussion of the Achilles 
tendon. To our surprise, some patients who 
regained bladder storage and emptying functions 
also regained bladder sensation, which was dem- 
onstrated by their ability to sense a full bladder 
and have the desire to void. All of these patients 
were able to void voluntarily. We believe that it is 
reasonable that patients would gain conscious 
control over their bladder and external urethral 
sphincter as both were postoperatively inner- 
vated by the S1 segment, which is above the level 
of injury. Furthermore, as only the ventral roots 
were involved in the anastomosis, regained sen- 
sation could only result from regenerating sen- 
sory fibers traveling in the ventral root, or a 
modulation/enhancement of intact S1 or thoraco- 
lumbar afferents resulting from re-innervation of 
the muscle itself. Future studies are required to 
evaluate the mechanism underlying the reacquisi- 
tion of urinary function as well as the time course 
of reflex arc generation. 
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In addition to the favorable results, this novel 
approach allows for tension-free nerve anasto- 
mosis without the need for nerve transplantation, 
since the S1 and S2/3 nerve roots overlap in the 
cauda equina; it also shortens the required dura- 
tion of nerve regeneration, as the anastomotic site 
is relatively low. Furthermore, the S1 VR is rela- 
tively large in diameter with abundant nerve 
fibers, which is favorable for functional recovery 
of the reinnervated bladder. Finally, the anasto- 
mosis of simple motor nerves avoids axonal mis- 
match, which ensures that nerve function can 
recover smoothly. 

Therefore, in patients with atonic bladder 
caused by SCI whose motor function of the lower 
extremities is normal, the use of the normal S1 
root as the donor nerve to re-innervate the atonic 
bladder is advantageous over using the 
abdomen-to-bladder reflex. 
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Electrical Stimulated Micturition: 
Sacral Anterior Root Stimulator + 


11 


Sacral Deafferentation 


Shimin Chang and Chunlin Hou 


The urinary system plays three major functions 
in the human body: (1) the kidneys filter waste 
products from the body to make urine; (2) the 
urine then moves through the ureters to the 
bladder which stores the urine; (3) the urine is 
then released from the body through the 
urethra. 

Spinal cord injury can affect bladder control. 
This is because the nerves responsible for com- 
municating to and from the brain to indicate 
when the bladder is full are located at the termi- 
nal base of the spinal cord (the terminal cord 
cone). 

Bladder control with spinal cord injury 
can be a difficult but manageable situation. 
The Finetech-Brindley Sacral Anterior Root 
Stimulator (SARS or Vocare, an implantable 
neuroprosthesis) is an established and successful 
device for bladder and bowel emptying in Spinal 
Cord Injury, and is accompanied by a rhizotomy 
of the posterior (sensory) sacral roots [1, 2]. The 
Brindley procedure consists of a stimulator for 
sacral anterior root stimulation and a rhizotomy 
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of the dorsal sacral roots to abolish neurogenic 
detrusor overactivity. Stimulation of the sacral 
anterior roots enables controlled micturition, 
defecation, and erections, while dorsal root rhi- 
zotomy (sacral de-afferatation) enables a good 
reservoir function [3, 4]. The Brindley proce- 
dure (SARS + SDAF) has been used in more than 
3,000 patients [5]. 


11.1 The Brindley Stimulator 
Device (An Implantable 


Neuroprosthesis) 


The FinetechBrindley Bladder Control System 
(branded VOCARE neuroprosthesis) is a radio- 
frequency powered motor control neuroprosthe- 
sis, which is composed of an external and 
implanted part [1, 2]. The implanted part consists 
of electrodes, connecting cables, and a receiver 
block. An external wireless device is used to con- 
trol the implant and its function. Patients have to 
position an external stimulating device on the 
skin over the implanted receiver to evoke stimuli. 
The receiver does not have a battery. Electrical 
stimuli are evoked by radiofrequency waves. 
With the availability of separate stimulation of 
the sacral levels and various stimulation settings, 
it is possible to set various stimulation programs 
to optimize micturition, defecation, and penile 
erections. 

A tripolar electrode cuff is used for intradural 
stimulation of the sacral anterior roots. Å three- 
channel implant is composed of two books. The 
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upper book contains three parallel slots for S3 
(one slot) and S2 roots (two slots at one channel), 
and the lower contains one slot for S4 roots. Each 
slot contains one cathode in the centre and an 
anode at each of the two ends to avoid stimula- 
tion of tissue structures outside the slot. The two- 
channel implant allows stimulation of two root 
levels or sets of root levels. The four-channel 
implant has the same configuration as the three- 
channel implant but allows independent stimula- 
tion of four sets of roots. The choice for the 
number of channels depends on the number of 
different rootlet combinations that have to be 
stimulated. Each channel is connected to the sub- 
cutaneous receiver block by a silicone-coated 
cable. 

Extradural electrodes are used in patients in 
whom intradural electrodes could not be placed 
due to, for example, arachnoiditis or a previous 
intradural electrode implantation that failed. 
Some medical centers and surgeons prefer to use 
extradural electrodes primarily for nearly all 
patients. The extradural implant has three helical 
electrodes at its end, which are also configured 
with a cathode between two anodes. 

The Finetech-Brindley Bladder Control 
System (VOCARE) uses Functional Electrical 
Stimulation (FES) to stimulate the nerves which 
connect the spinal cord to the bladder and bowel. 
This allows patients with complete spinal cord 
injuries to empty their bladder when they decide 
to (“on demand”). It works in the following 
steps: 

1. The user selects one of the stimulation 
programs. 

2. The external controller (A) then sends power 
and control signals to the transmitter block 
(C) via the transmitter lead (B). 

3. The user holds the transmitter block over the 
site of the implant receiver (D). 

4. The implant receiver converts the signals 
from the transmitter block into electrical 
impulses. 

5. The impulses travel via extremely flexible 
cables (E) to the electrodes (F). 

6. The electrodes transfer the impulses to the 
nerves causing the appropriate muscles to 
contract at the appropriate time. 
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11.2 The Poststimulus Voiding 
Mechanism 


Most of the small diameter parasympathetic 
efferent nerve fibres for innervation of the blad- 
der are located in the sacral anterior roots (S2— 
S4/5). Small-diameter nerve fibres need a higher 
stimulus for their excitation than large-diameter 
fibres. Consequently, electrical stimulation of the 
anterior roots for detrusor contractions also 
causes contraction of the urethral sphincter due 
to stimulation of somatic large-diameter nerve 
fibres. This prevents emptying of the bladder. To 
overcome this problem, poststimulus voiding is 
used. The time to relax of striated muscles of the 
urethral sphincter is shorter than the relaxation 
time of smooth muscles of the detrusor. When 
intermittent stimulation pulse trains are applied, 
the difference in muscle relaxation time can be 
used to achieve a sustained detrusor muscle con- 
traction with intervals of urethral sphincter relax- 
ation (Fig. 11.1). These intervals in between 
stimulations allow a decrease of the urethral 
sphincter pressure while a high intravesical pres- 
sure remains. This results in poststimulus voiding 
with an intermittent pattern of the micturition 
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Fig.11.1 Showing the post-stimulus voiding mechanism 
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flow [6]. A comparable mechanism has been used 
for defecation. 


11.3 Dorsal Rhizotomy 
of the Sacral Nerves 


Sauerwein in 1988 structurally expanded SARS 
with a sacral de-afferentation (SDAP), i.e. dorsal 
rhizotomy of sacral roots S2 till S5 [3]. A dorsal 
rhizotomy is important because it suppresses 
neurogenic detrusor overactivity and detrusor- 
external sphincter dyssynergia. This results in a 
low-pressure bladder without reflex contractions 
of the detrusor and subsequently continence. 
Moreover, it reduces autonomic dysreflexia 
[7, 8]. Therefore, a dorsal rhizotomy can also be 
applied in combination with intermittent cathe- 
terization to empty the bladder without implanta- 
tion of a Brindley stimulator. 


11.4 Indications and 


Contraindications 


There are often two types that can characterize 
the bladder in spinal cord injuries: (1) a flaccid 
(floppy) bladder, and (2) a hyperactive (reflex) 
bladder. 

The flaccid bladder can be a result of damage 
to the T12/L1 section and below. For a flaccid 
bladder, no trigger is detected by the nerves 
responsible for bladder control and therefore no 
message reaches the brain. The result is that the 
bladder can be filled in large volume (good stor- 
ing function), but cannot be discharged spontane- 
ously. When the urine collected is over the 
capacity of an adult’s bladder (400 cm‘), the urine 
will back up the ureters and towards the kidneys. 
The reflux of the urine up the ureters can lead to 
kidney failure as well as complications, such as 
urinary tract infection, bladder stone formation, 
etc. Clinically, one of the more practical forms of 
management for a flaccid bladder is ICP. 

A reflex bladder will be caused when damage 
to the spine is above the T12 level. For a reflex 
bladder, the spinal cone still has innervations to 
the bladder, but lose the upper control from the 


brain. It is characterized by detrusor hyperre- 
flexia (cause incontinence), detrusor-external 
sphincter dyssynergia, high bladder pressures 
and, vesicoureteric reflux leading to renal impair- 
ment. The patient can pass urine at anytime and 
anywhere, which can be rather disconcerting. 

Spinal cord injured patients with a suprasacral 
lesion usually develop a spastic bladder. The neu- 
rogenic detrusor overactivity and the overactive 
external sphincter cause incontinence and 
threaten these patients with recurrent urinary 
tract infections (UTI), renal failure and auto- 
nomic dysreflexia. All of these severe distur- 
bances may be well managed by sacral 
deafferentation (SDAF) and implantation of a 
sacral anterior root stimulator (SARS). 

Candidates criteria for patient 
including the following [9]: 

1. Skeletally mature. 

2. Intact reflex bladder contractions, i.e. suffi- 
cient efferent nerve pathways to the bladder 
and the bladder is able to contract. Contractions 
of at least 50 cm H,0 in males, or 30 cm H,O 
in females need to be present during filling 
cystometry. 

3. Atleast 12 months post-injury to ensure stable 
lesion. 

4. A clinically complete spinal cord lesion. 

5. Preoperative MRI excluding arachnoiditis at 
the level of the conus and cauda equine. 

6. Good support network. 

The contraindications including: (1) Poor or 
inadequate bladder reflexes, (2) Active or recurrent 
pressure ulcers, (3) Active sepsis (blood poison- 
ing), (4) having an implanted cardiac pacemaker. 
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11.5 Surgical Technique 


The patient is placed in prone position. The total 
operation consists two parts: electrodes implanta- 
tion and dorsal root rhizotomy, and may involve 
in three or four incisions. Implantation can be 
performed in introdural or extradural at the sacral 
root level, deafferentation can be performed at 
the introdural at the sacral level, or at the conus 
medullaris at T12-L1 vertabral level (Table 11.1) 
[10-191]. 
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Table 11.1 Comparison of different surgical procedures 


Skin 
Methods incision SARS SDAF 
Brindley L4-S2 Intradural Introdural 
Barcelona L5-S3, Extradural Conus 
T12-L2 
Tanagho L4-S2 Intradural Posterior 
ganglion 
L4-S2 Extradual Introdural 


1. Intradural implantation: 

A laminectomy from L3-L4 to S1-S2 is done 
for an intraduralrhizotomy and intradural implan- 
tation of the electrode cuff [1]. The dura and 
arachnoid are opened at midline to expose the 
sacral nerve roots. The anterior and dorsal com- 
ponents of the roots, especially relevant anterior 
roots for micturition, can be identified intradu- 
rally by electrical stimulation of these compo- 
nents while monitoring the effects on detrusor 
activity, blood pressure, and somatomotor 
responses. A rhizotomy of the identified dorsal 
sacral roots is done. The anterior sacral roots are 
positioned into the electrode cuff. The connect- 
ing cables are subcutaneously tunnelled to a sub- 
cutaneous pocket (lateral thoracic) for the 
receiver. 

2. Extradural implantation: 

Implantation of extradural electrodes requires 
a laminectomy from L5-S1 to S3-S4 [15]. The 
dorsal rhizotomy is done at the level of the poste- 
rior ganglia of S2-S5. Electrical stimulation tests 
are used to identify the anterior and dorsal com- 
ponents of the sacral roots. The extradural elec- 
trode is implanted and fixated to the nerve using 
a strip of silicone rubber sheet which is sewn to 
itself and surrounds the nerve. The connecting 
cables and the receiver are implanted the same 
way as the intradural procedure. 

3. Surgical Techniques of Barcelona procedure 

As a routine, we prefer extradural electrode 
implantation and SDAF at conusmedullaris (the 
Barcelona procedure) for our patients, and this 
will be described in detail [18]. The advantages 
of SDAF at conusmedullaris is less risk of 
damaging anterior roots, and almost no risk of 
failing to completely cut the posterior root. 
Its disadvantage is two skin incisions and 
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requires more time to removal bone 
(laminectomy). 

The operation usually takes 4—5 h. 

If the anterolateral or lateral thoracic site is 
chosen for the receiver, the whole opertation can 
be done with the patient prone. If the abdominal 
or anterior thoracic site is chosen, the patient 
must be turned to supine for implantation of the 
receiver block. 

Premedication with atropine should be 
avoided, and if the patient has been taking an 
antimuscarinic drug, this should have been 
stopped at least 7 days before the operation. 
Neuromuscular blocker, if used during operation, 
should be stopped at the stage of testing the roots 
by stimulation. 

A longitudinal 10 cm skin incision is made 
from lower lumbar to sacral, centered at S1. 
Laminectomy from L5 to S3 vertebrae is done, 
exposing the bilateral nerve roots, including S2, 
S3 and S4. It is first identified by anatomic loca- 
tions (L5 nerve root located in L5/S1 vertebrae), 
and then demonstrated by intraoperative electri- 
cal stimulation and observation of the lower leg 
muscle response (Table 11.2) and bladder pres- 
sure uprising (filled with 100 saline water) 
through indwelling balloon catheter. 

The parasympathetic autonomic efferents 
from sacral spinal cord to bladder detrusor are 
generally considered lying in S2-4 ventral roots. 
In surgery, it is very important to determine the 
innervative frequency and efficacy of every indi- 
vidual nerve root when operation is performed 
on the sacral roots. We performed those opera- 
tions in ten cases of Chinese with complete 
supraconal spinal cord injuries. There were 
seven men and three women, with an average of 
32 years old. Our results show that pressure con- 
tributions are provided by S3 roots in all ten 
patients, bilaterally; and by S4 roots on the right 
side of ten patients and left side of eight patients. 
However, only three have minimal pressure 
uprising by S2 stimulation, one on the right side 
and two on both sides. The mean innervative 
efficacy by differential sacral roots to bladder 
detrusor is shown in Fig. 11.1. S3 root is the 
most frequent and the most efficacious contribu- 
tor, S4 is the second frequent and a lesser but still 
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Table 11.2 Innervations of sacral root nerve to bladder and lower leg muscles 


S2 S3 S4 
1. Detrusor + +++ ++ 
2. Sphincters +++ ++ ++ 
3. Sex diet + = 
4. Lower leg muscle Gluteal major, gultealmedius, femoris biceps, Triceps, flexors of hullux and other None 
triceps, flexors of hullux and other toes toes 
Fig.11.2 Differential sacral 80 — 
roots innervation to bladder O Total 
detrusor in Asian people 70 L 
LI Left 
60 +! M Right 
Q 50 + 
I 
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significant efficacious one, and S2 is the last fre- 
quent and the minimal contributor(Fig. 11.2) 
[20]. The right roots seem to be stronger than the 
left ones. The efficacy distribution of sacral root 
innervation to bladder detrusor obtained by us is 
similar to that by Brindley, but the innervative 
frequency is different. Rising in bladder pressure 
is obtainable always by stimulating S3, usually 
by S4, and often by S2 in Europeans; however, it 
is always by S3, usually by S4, and seldom by S2 
in Asians [20]. 

The tripolar electrode (arranged with middle 
cathode and upper and lower anodes) is attached 
to a strip of silicone rubber (6 mm wide and 
39 mm long). One end of this silicone rubber is 
passed under the appropriate segmental nerve 
(S2) or nerves (S3 and S4 together). Then the two 
ends of the rubber strips are sutured. Be careful to 
check the tension when suturing. The strip of the 


S3 S4 


Sacral roots 


silicone rubber should be just loose enough to 
allow a little sliding, avoid nerve entrapment. The 
upper and lower anodes should be laid within a 
few millimeters to the nerve. It is not important 
whether they touch it. 

When all the electrodes are in place, the cables 
are tunneled through to the receiver site, and the 
block of receivers are implanted. 

Another skin incision is made through T12 
to L2, and laminectomy was performed to 
expose conusmadullaris. At this site, it is easy 
to distinguish anterior rootlets from the poste- 
rior rootlets. It is not easy to identify the seg- 
mental levels. But anatomical studies shown 
that, section of all posterior rootlets that enter 
the last 25 mm of the spinal cord will ensure 
that the S2 to S5 rootlets are all cut, achieving a 
complete sacral deafferentation (SDAF) 
(Figs.11.3 and 11.4). 
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11.6 Benefit of Brindley 
Procedure 


for controlled voiding, and the majority have 
significant decrease in infection rate and 
improvement in continence. UTIs dropped 
from 6.3 per year preoperatively to 1.2 per 
year postoperatively [21-23]. 


Å 
. Improvement of bladder capacity to normal 
Sp and normalisation of compliance; provided 
that the bladder is no serious fibrosis. 

. Safe continence in most patients following the 
complete abolition of neurogenic hyperactivity. 
provided that bladder neck function is intact. 

Å . Reduction of active  detrusor-sphincter 


-dyssynergia. 

5. Over 90 % of the patients considered that they 
have an improved QOL after implantation of 
the Brindley stimulator, and would recom- 
mend the system to other patients with neuro- 
genic bladder dysfunction. 

6. Prevented deterioration of the upper urinary 
tract by diminution of dilatation, cessation of 
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7. In some men, the Brindley System can also 
promote penile erection. 

8. Sacral rhizotomies and electrical bladder 
stimulation make a cost-effective method of 
treatment of lower urinary tract dysfunction in 
patients with SCI. Considerable savings on 
health care costs are possible in the long-run 
with simultaneous positive effects on aspects 
of health status. 

9. The Brindley System can eliminate using of 
urethral catheters, as it can restore satisfactory 
continence and improve psychological as well 
as economical constraints related to auto/hetero 
catheterizations performed several times a day. 


11.7 Clinical Outcomes 


The Brindley procedure (SARS + SDAF) has been 
used in more than 3,000 patients. About 20 clini- 
cal papers were published in literature [2, 21]. 

Voiding. The Brindley stimulator is used for mic- 
turition in 73-100 % of patients during followup. 
These are considerable percentages, but it should be 
noted that this includes patients who may use addi- 
tional methods to empty their bladder. Additional 
methods include intermittent catheterization, 
abdominal straining (Valsalvamanoeuvre), abdomi- 
nal compression (Cred'emaneuvre), or suprapubic 
tapping for reflex contractions. Stimulation that is 
not always completely successful can be found back 
in the percentages of patients that have less than 
50 mL residual urine after stimulation for micturi- 
tion. These percentages are lower than the percent- 
ages of patients that use the stimulator for micturition. 
Overall, the percentages of patients having urinary 
tract infections and the frequency of urinary tract 
infections decrease after the Brindley procedure 
compared to the preoperative treatment. 

Defecation. TheBrindley stimulator is used for 
defecation in 29-100 % of patients in different 
degrees. Not all patients achieve complete evacua- 
tion of defecation using only stimulation. Some 
patients need laxatives in addition to prevent con- 
stipation or enable defecation. Many patients only 
use the stimulator to get the defecation into the 
rectum, to enable digital evacuation. 

Erection. Erections can be evoked in a sub- 
stantial number of patients, but results vary con- 


siderably. This can be explained by the relatively 
low number of patients that actually use the stim- 
ulator to evoke erections for sexual intercourse 
(0-32 %), due to qualitatively inadequate erec- 
tions for sexual intercourse or deterioration of the 
stimulation effect over time. 

Autonomic dysreflexia. Autonomicdysreflexia 
mostly decreased after the Brindley procedure as 
a result of the dorsal rhizotomy. Only a few stud- 


ies reported stimulation-induced autonomic 
dysreflexia. 
Continence. Continence is achieved in 


57-100 % of patients, and bladder capacity 
increased. However, continence is not only 
achieved by a dorsal rhizotomy. Results on conti- 
nence also included additional treatments, like 
anticholinergics and stress incontinence surgery. 


11.8 Illustrative Case 

A 25-year-old female suffered with T8 fracture 
and paraplegia for 3 years. She was performed 
SARS-SDAF in 1998 with the Barcelona proce- 
dure (Fig. 11.5). 


11.9 Problems and Future 
Investigations 


The ultimate treatment of neurogenic disorders 
of the lower urinary tract would be resolvement 
of the neurogenic disorder that causes the bladder 
problems to restore the innervation of the blad- 
der. As long as this causal treatment is not avail- 
able, symptomatic treatment options are required. 

The Brindley procedure generally shows good 
clinical results for restoration of function in spi- 
nal cord injury patients with multiple pelvic 
organ dysfunction, including bladder, bowel, and 
erectile dysfunction. Moreover, the Brindley pro- 
cedure improves quality of life. 

However, it is not a procedure that is easy to 
apply in clinical practice: 

1. Not every patient is suited for the procedure 
and the success depends on selection of appro- 
priate patients. Prerequisites are a complete 
spinal cord lesion since neurostimulation can 
cause pain in incomplete spinal cord lesions, 
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an intact sacral motor neuron pathway enabling 
stimulation of the bladder, and a detrusor mus- 
cle that is capable to contract on stimulation. 

2. A dorsal rhizotomy and implantation of a 
Brindley stimulator is complex and not a rou- 
tine procedure for urologists and should be 
reserved for specialized centers. 

3. The device is also prone to failures, including 
the external and implanted components. 
Analysis of the external components is easy to 
apply. Currently, a straightforward solution 
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for analysis and revision of the implanted sys- 
tem without major surgery is not available. 

4. The neuroprosthesis is expensive for patients 
living in developing countries. We propose a 
modification to make it cheaper and simpler: 
using one cable with two electrodes to trap on 
the bilateral S3 and S4 root nerves combined 
with cutting distal 20 mm conusmedullaris as 
de-afferentation (Fig. 11.6). This can make 
patients get both voiding and storing function, 
but no penile erection [24, 25]. 


Fig. 11.5 Surgical technique (a) The patient was placed 
in prone position and three skin incisions were marked. 
(b) Sacral skin exposure of the laminar. (c) After laminec- 
tomy, sacral root nerves were exposed. Two bundles (each 
with two cables attached with two electrodes) were used 
to trap bilateral S2 and S3/4 separately. (d) The cables 
were passed to the lateral thoracic incision, and connected 
to the receive block. (e) The receive block was inserted 


under the subcutaneous tissue and sutured onto the deep 
fascia. (f) Sacral de-afferentation was performed at the 
conusmedullaris level, by cutting the terminal 25 mm dor- 
sal rootlets bilaterally. (g) Three skin incisions were 
closed. (h) External stimulator was put onto the implanted 
receive block of the lateral thoracic site. (i) Electrical con- 
trolled voiding was very robust in followup 
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Fig. 11.5 (continued) 


5. A main issue for patients who consider a 


Brindley procedure is the irreversibility of the 
rhizotomy, and the possibility that future treat- 
ment options are not within reach anymore. 
Staggered rhizotomy of anterior and posterior 
sacral root to leave the S2 posterior root intact 
has been investigated in animal models [26]. 


Continuous or conditional neuromodulation 
with low voltage using the stimulator could be 
one of the solutions [23]. To avoid detrusor- 
external sphincter dyssynergia, selective detrusor 
stimulation, such like selective anodal block and 
high-frequency block for the somatic nerve 
fibers, have been investigated [27-31]. 
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Fig.11.6 (a) Standard method: 4 cables-4 electrodes to stimulate bilateral S2 and bilateral S3/4. (b) Modified simpler 
method: only two cables with two electrodes are used to stimulate bilateral S3/4 


Conclusion 


The Brindley procedure shows good clinical 
results and improves quality of life in spinal 
cord injured patients. However, to remain a 
valuable treatment option for the future, the 
technique still needs some changes, for exam- 
ple to abolish the sacral dorsal rhizotomy, and 
to lower the price. 
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